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SUMMARY 
In this thesis, a study of donor-acceptor compounds comprised of 9H-carbazole 
and 2,5-diphenyl-1,3,4-oxadiazole moieties is presented with an emphasis on developing 
an understanding of how structure affects properties relevant to thermally activated 
delayed fluorescence (TADF). An orbital understanding of the lowest energy singlet and 
triplet excited states is established wherein the singlet state involves a HOMO to LUMO 
intramolecular charge transfer state and the triplet state is a locally excited state confined 
largely on the diphenyloxadiazole moiety. The orbital character of the states is confirmed 
through sensible structural modifications that preferentially affect the energy one of the 
two states, reducing the energy between them and allowing for the observation of TADF. 
OLEDs utilizing fluorophores that developed using the established principles the emitting 
species are shown to exhibit external quantum efficiencies well above what is possible if 
only singlet excitons are being converted to light, confirming the conversion of triplet 
excitons to photons in the devices. The findings show the limitations of using these 
materials as blue-emitters in OLEDs and provides strategies for overcoming these 
restrictions through rational molecular design. Further, optimized structures as well as 






CHAPTER 1. INTRODUCTION 
An organic light-emitting diode (OLED) is, in its simplest form, a multilayer 
device consisting of organic materials between two electrodes that converts electricity 
into light. Due to their organic nature and the fact that most active materials in them are 
not highly crystalline, OLEDs can be thin, lightweight, and flexible in comparison to 
either their inorganic counterparts or to most commercial liquid crystal display (LCD) 
technologies. Furthermore, OLEDs offer advantages over LCDs in power consumption, 
response time, and contrast ratio, but tend to be inferior in lifetime and cost metrics. Over 
the last three decades, OLEDs have been a subject of significant interest both in academia 
and in industry for application in display and solid-state lighting technologies. By 2017, 
the OLED market had a production capacity of over 500 million display panels with an 
estimated market over $20 billion,1 including the flagship smartphones of both Apple and 
Samsung. Whit- light emitting OLEDs for steady-state lighting applications can be 
significantly more efficient than incandescent sources, and have exceeded the efficiency 
of fluorescent tubes.2 
OLEDs have succeeded as a technology due to steady advancements made in both 
device architecture and in materials from the early, simple devices reported by Tang and 
Van Slyke at Eastman Kodak. While the optimization of device architectures is more of 
an engineering pursuit, the development of advanced materials to incorporate into the 
devices requires a chemical approach from the design, synthesis, and processing 
perspective. Insight into the fundamental physical processes governing the conversion of 
injected charges to photons has allowed for generational advancements in the devices, 
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which will be discussed in section 1.4, leading to quantum efficiency limits ca. 4 times 
higher than theoretically possible in early devices. Further material design must, 
however, address concerns relating to color purity and device stability, as well as a 
continuing push for efficiency, particularly at high luminance. This thesis will largely 
focus on these issues, with particular emphasis on the push for organic emitters with a 
bluer emission profile than are currently widely available. 
Contained herein is a systematic study of purely organic compounds for the 
purpose of understanding the structure-property relationships required for thermally 
activated delayed fluorescence, TADF, (see CHAPTER 2), and an orbital description of 
the relevant ground and excited states of the compounds that give rise to these properties. 
The compounds are related to one another in that all incorporate common organic 
electronically active moieties derived from 1,3,4-oxadiazole, which is paired in this work 
with 9H-carbazole based functional groups. These building blocks offer many desirable 
properties including chemical and thermal stability, reasonably high charge carrier 
mobility, and high photoluminescent quantum yields, yet only a few examples combining 
these moieties have been reported in the scientific literature that exhibit TADF. The 
reason for this will be discussed in detail in CHAPTER 3, and physical insights gained 
therein will be used to develop design rules for modifying these compounds in ways that 
will lead to the desired photophysical properties. In the second part of the chapter, new 
emitters based on the compounds will be developed in accordance with the design rules 
established and will be incorporated into OLED devices. In CHAPTER 4, the knowledge 
gained will be extended with the development of an oxadiazole acceptor moiety, 2-
methyl-5-phenyl-1,3,4-oxadiazole, to further fine tune and improve the compounds for 
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use as blue emitters in OLED devices. Finally, CHAPTER 5 will summarize the overall 
lessons learned, and provide a potential path forwards based on the principles established 
in Chapter 3 and 4 of this thesis. 
1.1 OLED Structure and Function 
While the first electroluminescent cells reported by Martin Pope and co-workers3 
were simple single layer devices, modern OLEDs are complex devices with multi-layer 
heterostructures. The structure of a conventional OLED is shown below in Figure 1, left. 
The physical processes that occur in an OLED cause electroluminescence after 
combination of an injected hole with an injected electron forms a high energy molecular 
species, called an exciton, which emits light upon relaxation. The electrical processes can 
be divided into three basic steps, shown in Figure 1, right, of charge injection from the 
electrodes, charge migration to the emissive layer, and charge recombination to form an 
exciton. In some cases, the function of several of these layers can be combined into a 
single layer, or omitted, and a detailed explanation of the physics behind each of these 
steps is beyond the scope of this thesis, but the basic function of each layer will be 
covered to impart a better understanding of the operating principles of an OLED. 
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Figure 1 – (left) Structure of a conventional OLED. Layers in an actual OLED 
device may be combined or omitted. (right) An energy level diagram of an OLED in 
the absence of an applied field and neglecting any interface dipoles. Energy levels 
shown are the work function of the electrodes and the ionization potential and 
electron affinity for the organic layers, including hole-injection layer (HIL), hole-
transport layer (HTL), electron-blocking layer (EBL), emissive layer (EML), hole-
blocking layer (HBL), electron-transport layer (ETL) and electron-injection layer 
(EIL). Energy levels are estimates, often from electrochemistry. 
1.1.1 Electronic Processes 
Electrodes for OLED devices are chosen for their ability to provide charge 
injection to the organic layers, with high Fermi level (low work function) for electron 
injection and low Fermi level (high work function) for hole injection. The process of 
charge injection is generally explained as the movement of charge carriers between the 
electrode and the appropriate energy level in the organic injection layer, characterized by 
the electron affinity of the electron injection layer or the ionization energy of the hole 
injection layer.4-6 The charge injection layer acts to facilitate the process of moving 
charge carriers from the electrode to the charge transport layer under an applied voltage 
by reducing the barrier for charge injection, where charge injection depends on both the 
properties of the interface of electrode and charge injection layer, and to the energy 
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difference between the Fermi level of the electrode and the appropriate energy level of 
the injection layer.7-9 
Once injection has occurred, the charge transport layers allow for the charge 
carriers to move towards the emissive layer, EML, in the presence of an applied electric 
field. The rate at which the charge carriers can move in the materials is quantified by the 
charge mobility (μ), which describes the efficacy of a charge carrier to migrate as a 
function of an electric field. Charge transport in organic semiconductor materials is a 
process that tends to be described as occurring in a hopping regime where a charged 
molecule undergoes an electron-transfer reaction with a neighboring molecule, with a rate 
constant described by Marcus theory.10 Early electroluminescent cells suffered from 
imbalanced charge transport properties due to the intrinsic disparity in charge carrier 
mobility, with hole mobilities typically higher than electron mobilities, in many organic 
semiconductors.11 By inclusion of charge transport layers displaying high mobility for the 
appropriate charge carrier, along with the appropriate ionization energy or electron 
affinity for charge injection, charges can be moved through the device to the emissive 
layer at lower voltages, and charge balance can be better controlled.12-14 
After injection and migration of the charge carriers to the emissive layer, charge 
recombination can occur. Recombination in organic materials is modeled using the 
Langevin model.15 In this model, charge recombination occurs through Coulombic 
capture, and the recombination current density is a function of the mobility of both the 
hole and electron in the medium, as well as the charge carrier density. The rate of 
recombination plays a strong role in device performance, and in an ideal case, with 
ambipolar mobility in the EML, an increased recombination rate leads to increased 
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device efficiency.16 Charge blocking layers can be included to confine the charge carriers, 
and therefore the charge recombination, to the emissive layer.17-18 
1.1.2 Exciton Formation 
Upon charge recombination, an exciton is formed.19 An exciton is a high energy, 
electronically excited species formed by a Coulombically bound electron-hole pair. 
Electrons are fermions with spin quantum number s = +1/2 and spin magnetic moment ms 















〉 ≡ 〈⬇〉 
(1) 
where the first number in the bracket for the spin quantum number s, and the second for 
the spin magnetic moment ms. For a two-electron system, such as an exciton in which the 
hole that is Coulombically bound to the high energy electron is in a singly-occupied 
orbital where the spin of each electron is represented as up or down, the following 
combinations are possible: 
 ⬆⬆, ⬇⬇, ⬆⬇, ⬇⬆ (2) 
From these four possibilities, two overall spin states are obtained from linear 
combinations for a two-electron system – S = 0 and S = 1, corresponding to singlet and 
triplet states, respectively, in which the electrons can precess in and out of phase: 
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 ⟨1, +1⟩ = 〈⬆⬆〉 








[〈⬆⬇) + (⬇⬆〉] 
(3) 
Given the constraint of the Pauli Exclusion Principle and the fact, noted above, that 
electrons are fermions, there are 4 combinations of which 3 are triplet states and 1 is a 
singlet state. For charge recombination that is under statistical control, the resulting ratio 
of triplet to singlet excitons, known as the branching ratio (ηr), would be assumed to also 
follow a 3:1 ratio. In fact, studies have determined 22(±3)% singlets to be obtained upon 
recombination of charges in an electroluminescent device, confirming the general 
applicability of the assumption.20 This ratio has important implications to the efficiency 
of an electroluminescent device that will be discussed later. 
According to Kasha’s rule, an exciton undergoes vibronic and electronic 
relaxation to the lowest energy excited state of like spin before appreciable photophysical 
processes occur (eg: energy transfer or radiative decay).21 This is due to the non-radiative 
decay rates from higher electronically excited states to the lowest electronically excited 
state being fast compared to the radiative decay rate to the electronic ground state, 
however it is worth noting that not all molecules obey Kasha’s rule. 
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1.1.3 Exciton Transfer 
In EMLs that contain a distinct emitter doped into the bulk organic host material, 
the exciton is transferred to the emitter through one of two mechanisms in a process 
known as sensitized emission. For singlet excitons, both Förster22 and Dexter23 type 
energy transfers to the emitter are allowed. For triplet excitons, only Dexter energy 
transfer is applicable. Additionally, the emitter can act as a potential well and trap 
charges directly, leading to the formation of excitons on the emitter. Förster transfer is a 
relatively long range (4-10 nm), non-radiative, dipole-dipole coupling between exciton 
donor and acceptor molecules that follows the selection rules of absorption and 
fluorescence; that is, only singlet excitons can be transferred in this way. Dexter transfer, 
on the other hand, occurs at short range via orbital coupling between exciton donors and 
acceptors and involves the intermolecular exchange of electrons. Dexter transfer only 
requires that spin is conserved in the system and for both singlet-singlet and triplet-triplet 
energy transfers are allowed. After transfer of the exciton to the emitter, the physical 
properties of the emitter determine the emission properties. 
1.2 Basic Excited State Dynamics in Organic Molecules 
An exciton localized on an emitter can undergo a number of different relaxation 
processes, as shown on the Jablonksi diagram in Figure 2. For typical organic emitter in 
an OLED, fluorescence is the only relaxation pathway that leads to light emitted from the 
device and any exciton in the triplet manifold will not contribute appreciably to 
luminescence but will decay non-radiatively. The difference in energy between the first 
singlet excited state (S1) and the ground state (S0) and the vibrational structure of them 
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determines the energy of the photons emitted by fluorescence, and hence the color of the 
OLED. In polyatomic organic compounds, a radiative transition can couple to any one of 
a number of energetically inequivalent vibrational levels in the ground state, which leads 
to broadening in the resulting emission spectrum. 
 
Figure 2 – Jablonski diagram showing intramolecular relaxation pathways for an 
exciton. Dashed lines represent vibrational states within a given electronic state. 
Processes include (1) internal conversion, (2) vibrational relaxation, (3) intersystem 
crossing, (4) fluorescence, (5) phosphorescence. Non-radiative decay to the ground 
state occurs via internal conversion. 
 Internal conversion is a radiationless transition that occurs from a higher to a 
lower electronic state (e.g. S2 to S1) with like spin through energetically degenerate 
vibrational modes. Vibrational relaxation occurs within an electronic state via the 
exchange of heat with the environment. Intersystem crossing is the spin-forbidden 
transition from one electronic state to a state with the different spin typically, in the 
context of OLEDs, from singlet to triplet. Fluorescence is the spin-allowed radiative 
transition from an excited electronic state to the ground state. According to Kasha’s rule, 
emission occurs from the lowest excited level of a given multiplicity. Phosphorescence is 
the spin-forbidden radiative transition from an excited triplet state to the singlet ground 
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state, and is slow in simple organic molecules with a rate constant typically several orders 
of magnitude lower than that of fluorescence or internal conversion, thus 
phosphorescence is generally very inefficient. 
1.2.1 Fluorescence 
The rate at which the exciton is converted to light via the fluorescence pathway is 
the fluorescent decay rate, kfl, and is approximated by the Strickler-Berg relationship:
24 
 








where n is the refractive index of the medium, F(ṽ) is the emission spectrum, ṽ is the 
wavenumber in cm-1, and ε is the molar attenuation coefficient. The molar attenuation 
coefficient relates the concentration of a species to the attenuation of light at a given 
wavelength as a function of path length due to absorption. The integrals are evaluated 
over the S1→S0 emission and S0→S1 absorption bands, respectively. It is apparent that 
the fluorescent rate is dependent upon the molar attenuation coefficient. The molar 
attenuation coefficient is related to the experimentally determined oscillator strength of 
the transition, a dimensionless value that describes the probability of an electronic 
transition occurring between two states when interacting with light of an appropriate 
energy, and is determined by the area under an absorption band plotted against frequency 
according to the following equation: 
 
𝑓 = 4.32 × 10−9∫𝜀(𝜈) 𝑑𝜈 (5) 
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The oscillator strength (fis proportional to the square of the transition dipole moment 
(μge): 
 𝑓 ∝  𝜇𝑔𝑒
2  (6) 
The transition dipole moment is a quantum mechanical quantity calculated from the 
wavefunctions of a molecule (see below), which allows for a connection between 
molecular structure and observable photophysical properties. An increased transition 
dipole moment for a transition leads to a concomitant increase in oscillator strength and 
of the integral of the molar absorptivity in a compound, which itself leads to an increased 
radiative decay rate through the Strickler-Berg relation. Thus, it is of interest to 
understand what leads to a large transition dipole moment for a given transition. 




∗𝜇𝜓𝑒 𝑑𝜏 (7) 
where ψg
* is the complex conjugate of the ground state wavefunction, ψe is wavefunction 
for the excited state, μ is the transition moment operator which is a product of the 
position and charge of the electron, and dτ represents the volume element. For this 
integral to be large (and thus have a high probability of a transition between the relevant 
states) three conditions must be met. 
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1. The integrand cannot be odd as the integral of an odd function, which is a 
function that displays symmetry with respect to the origin (taken as the center 
of the molecule), over all space is zero. Since the transition moment operator 
is itself odd, ψg and ψe cannot themselves both be even or odd, as that would 
lead to an odd product and a transition dipole moment of zero. In a 
centrosymmetric molecule, this means is that the ground and excited state of a 
transition cannot share the same symmetry.  
2. Having a large spatial overlap, along with proper phase matching, between the 
ground and excited state will lead to a large value of the integral, and a large 
transition dipole moment, and 
3. Due to the operator μ being a product of distance from the origin and charge 
on the electron, overlap of the orbitals at large distances from the origin will 
enhance the transition. 
The time it takes for excitons to be converted to light through fluorescent decay 
rate related to the natural lifetime (τn), and is equivalent to the reciprocal of the 






The natural lifetime is only directly observable in the absence of other relaxation 
pathways. With the inclusion of non-radiative relaxation pathways (e.g., internal 







where knr is the sum of all non-radiative decay rates that depopulate the state from which 
fluorescence is occurring. 
 Related to the fluorescent decay rate is the overall efficiency of the emitter to 
convert excitons to light. The photoluminescent quantum yield (PLQY) is the ratio of 
emitted photons to absorbed photons upon the absorption of light, and can be written as 






where ΦPL is the PLQY, krad is the rate of radiative decay and knr is the combined rates of 
all non-radiative decay pathways. For most organic compounds where phosphorescence 
is formally forbidden and, at least at room temperature, effectively not observed, PLQY 
is used interchangeably with fluorescence quantum yield (Φfl). To be more precise, for 
fluorescence quantum yield the rate kfl replaces krad. 
PLQY can be maximized by either increasing the rate of radiative decay, or by 
decreasing the non-radiative decay rates. The necessary conditions to increase the 
transition dipole moment are discussed above. The conditions to decrease non-radiative 
decay depend on the type of decay. For example, internal conversion to the ground state 
requires coupling between vibrational levels in the ground and excited states, and can be 
minimized with rigid molecular structures such as those found in polycyclic aromatic 
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hydrocarbons.25 An oft-cited example is that of fluorescein with an intense fluorescence 
(Φfl = 0.92) and phenolphthalein in which fluorescence is barely measurable, but which 
differ structurally only in a bridging oxygen atom that rigidifies two benzene rings 
(Figure 3).26 Intersystem crossing, in which the spin multiplicity of the exciton changes, 
is not formally allowed but can occur through the mixing of the singlet and triplet state 
through spin-orbit coupling.27 The simplest way to increase spin-orbit coupling is through 
the heavy-atom effect.28 Substitution of 4 iodine atoms onto fluorescein (Figure 3), for 
example, has little effect on the fluorescent decay rate (0.20  109 s-1 vs. 0.22  109 s-1) 
but Φfl is drastically reduced to 0.14 from 0.92 (in ethanol with 1 mM NaOH) due to 
significant increase in the intersystem crossing rate.29 A change in orbital type between 
the singlet and triplet state occurs when the angular momentum quantum number l is 
different in the orbitals containing the excited electron.  The intersystem crossing rate is 
increased in these systems compared to those where there is no change in orbital angular 
momentum, which is explained by El-Sayed’s rules, which state that a change in spin of a 
system must also be accompanied by a change in angular momentum.30 Compounds that 
exhibit an n-π* S1→S0 transitions tend to show increased triplet yields and low Φfl, for 
example benzophenone which exhibits a triplet yield approaching 100% in benzene 
solution upon photoexcitation.31 
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Figure 3 – Structure of fluorescein, phenolphthalein, and iodinated fluorescein 
1.3 Efficiency Metrics for OLEDs 
To understand the measure of efficiency in OLEDs, one must first have a basic 
understanding of luminance. The light output of OLEDs is designed to be viewed by the 
human eye. To reflect this, the light output is commonly measured in photometric instead 
of radiometric units. Photometric units differ from radiometric units in that they weigh 
the intensity or power output by the response of the human eye. The sensitivity of the 
human eye to incident radiation is called the photopic response, and is strongest at ca. 
555 nm and decreases towards the blue and the red. The SI unit of luminous intensity is 
the candela (cd), and the related to the unit for luminous flux is the lumen (lm). 
Determination of luminous flux is determined from an integral of the product of the 
luminosity function (shown below, Figure 4) and the power spectral density. 
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Figure 4 – International commission on illumination (CIE) photopic response curve 
of the “standard” human eye under high illumination. (CC BY-SA 3.0) 
1.3.1 Quantum Efficiency in OLEDs 
External quantum efficiency (EQE) is the metric most often quoted for quantifying 
the fundamental physical mechanisms of an OLED, that is the efficiency of the processes 
described above. Defined as the number of photons emitted in the viewing direction per 
electron injected into the OLED, EQE for an electroluminescent device in which the 
electroluminescence occurs exclusively through spin-allowed fluorescent emission is 
given by:32 
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 𝐸𝑄𝐸 = 𝜂𝑜𝑢𝑡 × 𝑞 × 𝜂𝑟 × 𝛾 (11) 
where ηout is the outcoupling efficiency, or the fraction of the photons generated that that 
exit the device, q is the luminescent efficiency of the emitter, γ is fraction of injected 
charges that recombine to form excitons, and ηr is the singlet-triplet branching efficiency 
discussed earlier. The luminescent efficiency of an emitting species is approximated by 
the PLQY of the species, at least for purely fluorescent emitters, but additional relaxation 
pathways can be present after incorporation into an OLED33-34 giving rise to the 
analogous term q. 
The product of the last three terms gives the internal quantum efficiency (IQE) of 
the OLED: 
 𝐼𝑄𝐸 = 𝑞 × 𝜂𝑟 × 𝛾 (12) 
It follows that the EQE of an OLED is equal to the product of the IQE and the 
outcoupling efficiency. Outcoupling efficiency values are dependent upon the refractive 
indices of the materials in the specific device, but for planar devices in which the emitters 
have isotropically aligned transition dipole moments, they tend to around 0.20 when 
fabricated on glass.35 
 To maximize EQE in an OLED it is clear that the following conditions must be 
met: (1) device architecture and choice of materials that result in balanced charge 
injection and good transport to yield high γ (2) emitting species that display luminescent 
quantum efficiency approaching 100%, and (3) high outcoupling efficiency. If all of these 
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conditions are met, this places an upper limit on the EQE of a device at ca. 5% if only 
singlet excitons are converted to light, and ca. 20% if both triplet and singlet excitons can 
be converted to light, due to the 75% of excitons formed upon charge recombination that 
are formed in a triplet state.20 In fact, measured EQEs in state of the art devices 
commonly exceed the 20% threshold, including values of up to 37% in a recently 
reported device that displayed high ηout due to emitting dipoles that were highly 
horizontally aligned.36 
1.3.2 Luminous and Power Efficacies 
Current efficacy, also called luminous efficacy and reported in cd/A, is 
comparable to the EQE in that it compares light output to charges injected. However, the 
current efficacy takes into account the photopic response described above and the 
relationship between the current efficacy and quantum efficiency of the device lies in the 
spectral properties of the emission. For two devices with the same EQE, the one with a 
more green emission will display a higher current efficacy. This quantity is most often 
used to quantify OLEDs for display applications.37 
The power efficacy of an OLED is defined as the ratio of the luminous power 
exiting the device over the total electrical power required to drive the device at a given 
voltage, and is reported in lm/W. This efficacy is useful in interpreting the power 
dissipated by a device and is analogous to “wall-plug” efficiency (W/W) in radiometric 
units. Power efficacy is generally most applicable for OLEDs used as solid-state light 
sources.37 
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Due to the complicated structure and electrical processes in an OLED, device 
output is variable as function of applied voltage. Below a certain threshold, called the 
turn-on voltage, charges will not flow appreciably from the electrodes into the device.  
Above this voltage, charge carriers are injected and move towards the emissive layer 
under the applied potential. The Langevin charge recombination and the charge transport 
are some of the other electrical properties that change as a function of applied voltage. As 
such, the above efficacy values change as a function of applied voltage, as well. This 
phenomenon is termed efficiency roll-off and minimizing the decrease of device 
efficiency as output increases is an important consideration in device architecture,38 and 
device efficiency values should be accompanied by the luminous output of the device 
where the efficiency metric was obtained. 
1.4 A Brief History of Emitters in Electroluminescent Devices 
Early attempts at generating electroluminescence in organic materials consisted of 
cells in which electrodes were attached directly to anthracene single crystals.39  These 
cells required large driving voltages, on the order of 100 V or above, to overcome the 
intrinsically low charge migration and thick organic layers through which the charges had 
to travel in order to combine and form an exciton. Pope et al. demonstrated the ability to 
tune the emission properties of the cell by doping a distinct emitting species into the 
organic crystal of the cell.3 
The first practical devices were reported in 1987 by Tang and Van Slyke, and were 
the result of advancement in the deposition of high quality thin films (thickness <100 nm) 
combined with the appropriate material choices and heterostructure to optimize charge 
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injection and transport.40 By using a bilayer structure acting as a diode between the 
electrodes, electroluminescence at driving voltage as low as ca. 2.5 V and luminance over 
1,000 cd/m2 was achieved and ushered in the modern concept of the OLED. The device 
contained a ca. 75 nm thick layer comprised of an aromatic diamine that acted to 
selectively transport holes, and a ca. 60 nm thick emissive layer consisting of tris(8-
hydroxyquinoline)aluminum (Alq3) where the holes and electrons combined to form 
excitons before being converted to light. Device structures were further optimized as the 
role of the luminescent species was fully separated from charge injection and transport by 
incorporating a discrete electron injecting layer41 and by doping the emitting species into 
a host material with appropriate electronic properties.42 Early device architectures are 
shown in Figure 5. 
 
Figure 5 – Early advances in organic electroluminescent devices include (a) simple 
electroluminescent cells with emission from single crystals of anthracene39 and (b) 
anthracene crystals doped with  0.1% (mol/mol) tetracene to trap excitons and shift 
the emission wavelength.3 The first diode (c) utilized a hole-transport/electron 
blocking  diamine layer (4,4'-cyclohexylidenebis(N,N-bis(p-tolyl)aniline)) alongside 
the emissive layer made up of tris(8-hydroxyquinoline)aluminum.40 (c) Charges 
were further confined to the emissive layer, composed of a thin film of a 
phtaloperinone derivative (PP), by adding a distinct hole blocking, electron-




1.4.1 “First-Generation” Fluorescent Emitters 
By decoupling the luminescent species from the charge-blocking and charge 
transport necessary for an OLED to operate efficiently, focus could shift to optimizing 
the species where the exciton is converted to light. In this “first-generation” of OLED 
emitters, it was understood that increasing the fluorescence quantum yield of the emitting 
layer should increase the device efficiency of the OLED, as shown in Equation 11. The 
emissive layer in Tang and Van Slyke’s diode, a neat thin film of Alq3, was recently 
determined to display a photoluminescent quantum yield (PLQY), the ratio of photons 
emitted to photons absorbed upon photoexcitation, of 22%.43 Assuming 20% outcoupling 
efficiency in a device, this places an upper limit on the external quantum efficiency at 
1.1%, and in fact the measured efficiency was ca. 1.0%.40 Doping the emissive layer with 
a high Φfl coumarin dye results in a thin film with PLQY ca. 4.5 times higher than the 
neat tris(8-hydroxyquinoline)aluminum  film, and an OLED device with increased EQE 
of ca. 2.5%.42 Thus, in first generation devices, emitters were optimized by increasing 
fluorescence quantum yields and by tuning the emission color and profile. 
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Figure 6 – Structures of the organic compounds used in early OLEDs 
1.4.2  “Second-Generation” Phosphorescent Emitters 
OLEDs to this point were limited to ca. 25% IQE due to the inability of the 
fluorescent emitters to harvest the 75% of triplet excitons formed upon charge 
recombination. The “second-generation” of OLEDs emerged in 1999 when Baldo et al. 
described a device utilizing an emitter that harvested both singlet and triplet excitons for 
light emission through rapid intersystem crossing from the singlet state followed by  
efficient phosphorescence by incorporating 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine platinum(II) as the emitting species doped into Alq3 as the emissive layer.
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The photophysics of phosphors can, in some ways, be described analogously to 
fluorescence. A phosphorescent quantum yield (ΦPh) describes the yield of triplet 







where kph is the rate of phosphorescent decay, analogous to the rate of fluorescent decay, 
and knr is the sum of the non-radiative rates of decay. Like the fluorescent lifetime, a 






It is important to remember that ΦPL is not equivalent to Φph in phosphorescent 
compounds in the same way as it is to Φfl in purely fluorescent compounds. The 
absorption of light is a process that conserves spin and produces only singlet excitons, 
and so the phosphorescent quantum yield must be multiplied by the yield of triplets 
through intersystem crossing (ΦISC) to describe the PLQY. In addition, the rate of 
phosphorescence cannot be understood through the Strickler-Berg relationship. For a 
detailed treatment of the photophysics of phosphors, see Baryshnikov et al.45 As a result, 
the internal quantum efficiency of an OLED that uses a phosphorescent emitter is 
modified as follows: 
 𝐼𝑄𝐸 = 𝑞 × (0.75 + 0.25𝛷𝐼𝑆𝐶) × 𝜂𝑟 (15) 
where q is the phosphorescent efficiency of the emitter in the device with a branching 
ratio of 3:1 of triplets to singlets. 
 By incorporating Pt into the organic porphyrin ring of platinum-octaethyl-
porphyrin (Figure 7), Baldo et al. were able to increase spin-orbit coupling through the 
heavy-atom effect, resulting in an increase of the intersystem crossing rate and 
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concomitant decrease in Φfl,
46 but also a reduction of the phosphorescent lifetime and 
increase in phosphorescent quantum yield (91 μs and 0.50, respectively) to a level 
useable in light-emitting devices.47 While the maximum EQE (EQEmax) obtained in these 
first OLEDs with phosphorescent emitters was on the order of 4%, it showed the 
possibility of harvesting triplet excitons and converting them to light. 
The strategy of doping phosphors into the emissive layer resulted in OLEDs 
exceeding the ca. 25% IQE, and 5% EQE, limit imposed by purely fluorescent emitters. 
The first device demonstrating the ability to harvest all of the excitons formed upon 
charge recombination, by virtue of ΦISC and Φph approaching unity and with IQE 
approaching 100%, was demonstrated by Adachi et al. in 2001. Using an iridium based 
emitter, bis(2-phenylpyridine)(acetylacetonate)iridium(III), that demonstrated ca. 100% 
phosphorescent quantum efficiency, an OLED exhibiting and IQEmax of 88%, and an 
EQEmax of 19% was achieved.
48 In the next ten years, highly efficient phosphors utilizing 
platinum, iridium, osmium, and ruthenium were developed and allowed for red-, green-, 
and yellow-emitting OLEDs with high efficiency. 
 
Figure 7 – Chemical structure of some organometallic phosphors used in second-
generation PhOLEDs. 
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Despite the generational step forward in terms of device efficiency, the 
requirement of heavy metals poses significant drawbacks to phosphorescent OLEDs as a 
technology. Osmium, ruthenium, platinum, and iridium are among the least common 
elements found in the earth’s crust (see Figure 8), placing great financial pressures on any 
technological application utilizing phosphors that contain these rare elements. 
Furthermore, molecules exhibiting stable deep blue emission – as required for displays 
with high color rendering accuracy and coveted for white light applications – remain 
elusive.49-51 
 
Figure 8 – Relative abundance of elements in the earth’s crust. Figure courtesy of 
the U.S. Geological Survey. 
1.4.3 “Third-Generation” Emitters Displaying TADF 
 One potential solution to the drawbacks of heavy-metal based phosphors while 
maintaining the high efficiency due to the harvesting of triplet excitons for radiative 
emission is TADF. In the TADF process, triplet excitons are thermally upconverted into 
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the singlet manifold, and then radiatively decay through the fluorescence pathway. 
Emission from this mechanism occurs through the spin-allowed fluorescence pathway, 
removing the requirement for rare earth metals, while the thermal upconversion of triplet 
excitons to the singlet manifold still allows for the conversion of triplet excitons to light 
on a time-scale and with an efficiency usable in an OLED device. Endo et al. were the 
first to demonstrate TADF in an electroluminescent device in 2009 using Sn-porphyrin 
complexes, although low efficiencies were obtained.52 
 
Figure 9 – Simplified Jablonski diagrams of three generations of emitters for OLED 
devices. Relevant pathways for light generation shown with black arrows. 
In 2011, Endo et al. developed a purely organic fluorophore consisting of 
indolecarbazole electron-donating groups and a triazine electron-accepting group. 
Devices using the emitter 2-biphenyl-4,6-bis(12-phenylindolo[2,3-a] carbazole-11-yl)-
1,3,5-triazine showed modest efficiency (EQEmax = 5.3%), but the establishment of 
design rules for purely organic TADF fluorophores, which will be discussed below, set 
the stage for further development of the field.53 Then, in 2012, Uoyama et al. developed a 
series of series of organic compounds pairing carbazo-9-yl donor moieties with 
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phthalonitrile acceptors that demonstrated highly efficient TADF. An OLED device with 
the emissive layer composed of 4,4’-bis(N-carbazolyl)-1,1’-biphenyl doped with 1 wt% 
concentration of the green-blue emitter 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile 
(4CzIPN) displayed an EQEmax of 19% and IQE > 90%, competitive with the state of the 
art devices using heavy metal containing phosphors, and demonstrating the ability of 
purely organic “third-generation,” fluorescent organic compounds to harvest both singlet 
and triplet excitons in a highly efficient fashion.54 
 
Figure 10 – Early all-organic fluorophores exhibiting thermally activated delated 
fluorescence. 
Today, development of TADF emitters for OLED applications continues apace 
exploiting excimer55 and organometallic56 emitters in addition to purely organic 
fluorophores.57 The next chapter will lay the foundation for understanding the TADF 
process and what physical properties of a molecule are necessary to promote efficient 
reverse intersystem crossing and, thus, allowing for efficient thermally activated delayed 
fluorescence.  
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CHAPTER 2. TADF THEORY AND DESIGN 
2.1 Thermally Activated Delayed Fluorescence 
Thermally activated delayed fluorescence, sometimes called E-type delayed 
fluorescence, is a radiative transition that was first observed in eosin.58-59 Due to the long 
lifetime, coincident with that of the phosphorescent emission, and similar spectral line 
shape and energy to the fluorescent emission it was termed “delayed fluorescence.” 
Figure 11 shows the TADF process, wherein an exciton in the triplet state is thermally 
upconverted to the singlet state via reverse intersystem crossing (RISC), followed by 
radiative emission through the fluorescent pathway. Due to the comparatively slow rate 
of the process relative to kFl, the time-resolved fluorescence spectrum of a compound 
displaying TADF shows a characteristic biexponential decay composed of a “fast” 
component and referred to as the prompt fluorescence (PF), and a “slow” component 
referred to as the delayed fluorescence (DF). Importantly, due to the role of the triplet 
state, TADF is quenched by molecular oxygen.60 
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Figure 11 – Jablonksi diagram showing processes of importance in a TADF 
fluorophore. Prompt fluorescence decay (kPF) is the same process and rate as 
fluorescent decay (kfl). Delayed fluorescence occurs through the same pathway as 
prompt fluorescence but is rate limited by the reverse intersystem crossing rate 
(kRISC), thus the apparent delayed fluorescent rate k’DF. The value ΔEST is the 
difference in energy between the lowest energy singlet and lowest energy triplet 
states. 
A second mechanism leading to delayed fluorescence also exists. P-type delayed 
fluorescence involves the interaction of two molecules in the triplet state through triplet-
triplet annihilation (TTA), resulting in one molecule in the ground state and the other in a 
higher energy state, and if that higher energy state is a singlet state then it can go on to 
decay radiatively through the fluorescent pathway. 
 3M* + 3M*  
𝑇𝑇𝐴
→  1M + 1M* 
1M* 
𝑘𝑓𝑙
→  1M + hν 
(16) 
In an ideal case in which E(T2) > 2E(T1), TTA cannot lead to triplet excitons. In most 
organic compounds, however, Sn states are relatively closely spaced and TTA can occur. 
In a device in which every two triplet excitons annihilate to yield 1 singlet exciton, and 
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taking into account the branching ratio of 25% singlets to 75% triplets, a theoretical 
IQEmax is obtained: 
 
𝐼𝑄𝐸𝑚𝑎𝑥 ≤ 𝑞 × 𝜂𝑟 × 𝛾 = 𝑞(0.25 +
0.75
2
) × 𝛾 (17) 
It is evident that with q and γ = 1, a theoretical limit of 62.5%, well below the ca. 100% 
IQE of devices with phosphorescent emitters, is obtained.61 
While both E and P-type delayed fluorescent pathways give a similar emission 
spectrum similar to the prompt fluorescence, the fluorescence from an exciton that never 
left the singlet manifold, they can be differentiated based on their lifetimes and on their 
dependence on the concentration of species in the excited triplet state. TADF is a 
unimolecular process that is independent of exciton concentration, [M*] and the intensity 
of the emission displays a linear dependence on excitation and a lifetime that matches 
that of any other process that depopulates the triplet state, such as phosphorescence. TTA, 
on the other hand, is a bimolecular process with a rate dependent on [M*]2, thus delayed 
fluorescence due to TTA displays a quadratic dependence on excitation intensity, and 
since it removes two excitons from the triplet state and is concentration dependent, a 
more complicated decay rate. 
2.1.1 Other Applications of Compounds Exhibiting TADF 
While the large majority of recent interest in compounds exhibiting TADF has 
been for incorporation as the emitter in OLED devices, other applications have been 
demonstrated as well. Time-resolved fluorescence imaging is widely used to elucidate the 
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features of complex biological structures with high resolution by using probes with 
luminescent lifetimes longer than those of the short-lived background fluorescence and 
light scattering.62 Conceptually, the long lifetimes exhibited by delayed fluorescence, 
which is necessary to differentiate the sensitizer from the background fluorescence in 
time-resolved imaging, coupled with the lack of toxic heavy metals makes such 
fluorophores ideal candidates for use as biological probes. Xiong et al. demonstrated this 
application using a fluorescein derivative in the presence of bovine serum albumin to 
eliminate triplet oxygen to image cancer MCF-7 cancer cells.63 
 
Figure 12 – Steady state luminescence (left) and time-resolved luminescence (right) 
images of MDF-7 cancer cells stained with a TADF fluorophore. Adapted with 
permission from Ref. 62. Copyright 2014 American Chemical Society. 
 In triplet-triplet annihilation upconversion, a low energy photon is absorbed by a 
“sensitizer,” undergoes intersystem crossing into the triplet manifold, is transferred to an 
annihilator via Dexter transfer, followed by TTA and emission of a higher energy photon 
than those that were initially absorbed. TADF emitters have been used as the sensitizer to 
minimize the energy loss in the ISC process and approach the ideal case of emission 
photons possessing twice the energy of those absorbed.64-66 While efficiency is still lower 
than in conventional materials using heavy metals to achieve high spin-orbit coupling, 
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some of the same factors that enhance TADF enhance the spin-orbit coupling, as will be 
seen below. 
Other reported applications include oxygen sensing,67 construction of fluorescent 
micelles,68 and light emitting electrochemical cells.69 Fluorophores displaying 
simultaneous TADF and mechanoluminesce,70 and mechanochromism71 have been 
reported (Figure 13), potentially opening additional applications as well. 
 
Figure 13 – Demonstration of “erasable” mechanochromism in a TADF compound 
highly luminescent in the solid state. Reproduced from Ref. 68 with permission from 
The Royal Society of Chemistry.72 
 
2.2 Photophysics of Thermally Activated Delayed Fluorescence 
Rationalizing the properties of fluorophores that exhibit thermally activated 
delayed fluorescence requires additional photophysical parameters besides those required 
to understand purely fluorescent or phosphorescent emitters. After excitation by 
absorption of light, a TADF emitter initially will undergo the same photophysical 
processes as a standard fluorophore. From the triplets formed through intersystem 
 33 
crossing (ΦISC), some percentage will undergo RISC (ΦRISC) to depopulate the triplet 
state back into the singlet. From there, they may emit through the fluorescent pathway, 
relax non-radiatively, or again undergo intersystem crossing.  In this way, excitons can be 
recycled through the singlet and triplet state until they relax back to the ground state 
through radiative or non-radiative processes. Excitons that are upconverted to the singlet 
state through RISC and then emit radiatively via fluorescence undergo delayed 
fluorescence. The total fluorescent quantum yield of an emitter that displays TADF is 
simply a sum of the prompt and delayed fluorescence quantum yields: 
 𝛷𝑓𝑙 = 𝛷𝑃𝐹 + 𝛷𝐷𝐹 (18) 
where ΦPF and ΦDF are the fluorescence quantum yield of the prompt and delayed 
fluorescence, respectively. This can be expressed as a product of the prompt fluorescent 






This equation illustrates two aspects of TADF emission of import. First, the total 
quantum yield will always be somewhat dependent on ΦPF as the ultimate decay pathway, 
and as the efficiency of the process approaches 0, the total quantum yield follows. 
Second, high intersystem crossing efficiency is not detrimental to efficiency in 
compounds that display TADF in the same way as it is in purely fluorescent compounds, 
as long as the RISC efficiency is also high. 
 34 
2.2.1 The Reverse Intersystem Crossing Rate 
RISC is the key process in TADF and, as a thermally activated process, it displays 






where k is the rate of the process, Ea is the activation energy, kBT is the thermal energy, 
and A is a pre-exponential factor. For RISC, the activation energy is estimated by the 
difference in energy between the lowest energy singlet and lowest energy triplet states 
and is denoted as the ΔEST. The exponential decrease in RISC rate as ΔEST increases 
places a high importance on the minimization of the barrier, a requirement that has 
largely dominated the early years of TADF fluorophore design. 
The true theoretical framework for the reverse intersystem crossing rate was not 
initially well understood, and in some studies the adiabatic ΔEST was assumed to be the 
only physical property of the fluorophore controlling kRISC, which is not the case. Ward et 
al. synthesized a series of phenothiazine-dibenzothiophene-S,S-dioxide fluorophores with 
similar ΔEST values that, when dispersed in a film, favored phosphorescence over TADF 
as steric hindrance around the bond between the donor and acceptor groups hindered 
rotation (see Figure 14).74 This result suggested coupling to vibrational and/or rotational 
modes facilitated RISC. Gibson et al. explained this observation as nonadiabatic, vibronic 
coupling between the lowest locally excited triplet state (3LE) and the lowest charge-
transfer triplet state (3CT) facilitating second-order coupling effects between the CT 
triplet and singlet states.75-76 
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Figure 14 – Phenothiazine-dibenzothiophene-S,S-dioxide fluorophores favoring 
TADF or phosphorescence ad a function of steric hinderance to rotation about C-N 
bond. 
Etherington et al. physically demonstrated the importance of the vibronic 
coupling between the 3LE and 3CT states by dispersing the fluorophore (2,8-di(10H-
phenothiazin-10-yl)dibenzo[b,d]thiophene 5,5-dioxide) into a hosts with a range of 
polarities. Due to their relatively large excited state dipoles, intramolecular charge-
transfer states are more highly stabilized in a polar medium than locally excited states. 
The fluorophore Etherington selected contained 3LE and 3CT states quite close in energy, 
and by modulating the dielectric constant of the material the difference between the two 
energies could be increased and decreases. It was shown that the kRISC reached a 
maximum when the energy barrier of internal conversion between the 3LE and 3CT was at 
a minimum, that is to say when the vibrational levels in the respective states were equal 
in energy.77 While these observations give guidelines for the design of fluorophores 
exhibiting TADF, a full mathematical treatment is beyond the scope of this thesis. For 
completeness sake, a description of kRISC using Marcus theory, under the Marcus-Levich-





















where ⟨𝑆1|?̂?𝑆𝑂|𝑇1⟩ is the spin-orbit coupling matrix element between the lowest energy 
singlet and triplet states, λM is the Marcus reorganization energy, ħωeff is the effective 
energy of a mode of the relevant non-classical high-frequency intramolecular vibrations, 
and S is the effective Huang-Rhys factor of the mode. The importance of this equation 
adds is that it adds the spin-orbit coupling term. 
To account for the vibronic coupling between the T1 and T2 states, in a framework 
where the 3LE facilitates the RISC step through spin-orbit coupling to the S1 state, a 
further second-order perturbation theory derived equation is required. The salient lesson 
for fluorophore design is that a one must minimize energy difference between the lowest 
energy 3CT and 3LE states to maximize vibronic coupling and increase kRISC.
76 For a 
more detailed explanation of the theory behind reverse intersystem crossing refer to 
Penfold et al.79 and Chen et al.80 Overall, it is important to keep in mind that both 
minimizing the ΔEST and considering the energy of the localized excited states on the 
donor and acceptor are necessary for fast RISC and, thus, highly efficient TADF. 
2.3 Designing TADF Emitters 
Rational design of compounds that exhibit strong TADF for application as the 
emitter in OLEDs requires connecting the theoretical concepts laid out above with 
physical concepts under a series of design rules that will be laid out below. First, one 
must understand what gives rise to the energy of the relevant states in the emitter. 
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Quantum mechanically, for a simple two-electron two-state model corresponding to an 
electronic transition between the HOMO and LUMO orbitals, the energy of the lowest 
energy singlet (𝐸𝑆1) and triplet (𝐸𝑇1) states can be written as:
81 
 𝐸𝑆1 = 𝐸𝐻 + 𝐸𝐿 + 𝐽𝐻𝐿 + 𝐾𝐻𝐿 
𝐸𝑇1 = 𝐸𝐻 + 𝐸𝐿 + 𝐽𝐻𝐿 − 𝐾𝐻𝐿 
(22) 
where EH and EL are the one electron energies of the HOMO and LUMO orbitals, 
respectively, JHL is the Coulomb integral and corresponds to the repulsion between the 
negatively charged electrons in the HOMO and LUMO, and KHL is the exchange integral 
and corresponds to the exchange energy between the electrons in the HOMO and LUMO 
orbitals. The energies of the two states are the same except for the exchange integral, K, 
that destabilizes the singlet state and stabilizes the triplet state. Within the framework of 
the assumptions used in Eqn. 22 and for singlet and triplet states with a similar orbital 
description, the ΔEST can be described by: 
 𝛥𝐸𝑆𝑇 = 2𝐾𝐻𝐿 (23) 
It is evident that the ΔEST of a system can be exchanged by minimizing the electron 





)𝜓𝐻(𝑟2)𝜓𝐿(𝑟1) 𝑑𝑟1𝑑𝑟2 (24) 
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where ψH and ψL are the electronic wavefunctions of the HOMO and LUMO, 
respectively, and e is the charge on the electron. The value of K can therefore be 
decreased, to an approximation, by decreasing the spatial overlap between the HOMO 
and LUMO wavefunctions, and by decreasing the integral where they do overlap by 
twisting orbitals out of plane of one another.82 
 
Figure 15 – Representative donor-acceptor fluorophore with TD-DFT (PBE0-6-
31G(d) basis set) calculated HOMO and LUMO well confined to the donor and 
acceptor moieties, respectively. Copyright 2012, John Wiley and Sons, CC BY 4.0.83 
This is the approach exploited by Adachi in the early papers showing the 
possibility of harvesting triplet excitons using TADF. By separating the HOMO and 
LUMO onto electron donor and electron acceptor moieties, respectively, the orbitals can 
potentially be well contained onto disparate parts of the molecule and limit the orbital 
overlap responsible for the exchange energy, which can be further decreased by twisting 
the donor and acceptor out of plane of one another. Specific applications of the idea 
include highly hindered donor acceptor systems,53 π-bridged donor-acceptor 
compounds,54 and donors connected to acceptors through spiro linkages.84 
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It is important to note that decreased overlap of the HOMO and LUMO also 
decreases the transition dipole moment between the orbitals for the HOMO-LUMO 
transition (μHL), as shown in Equation 7, and can be detrimental to the fluorescent decay 
rate of the fluorophore. A balance between these two important values must be struck. 
One approach was described by Hirata et al., and takes into account the differences 
between the exchange integral and μHL. Due to the way the exchange integral is inversely 
proportional to the position vector (Equation 1.24), while the transition dipole moment is 
linearly proportional to the position vector; if orbital overlap remains constant then as the 
distance of the overlap from the origin increases, ΔEST decreases and μHL increases.
85 
Physically, this corresponds to increasing the delocalization of one or both of the relevant 
orbitals over a larger space where it does not appreciably overlap with the other orbital. 
The limitation of Adachi’s approach lies in the assumption that both the lowest 
energy singlet and triplet state are both well described as a HOMO-LUMO transition, 
which is only true for green, yellow, and red emitting compounds composed of donors 
and acceptors with high energy locally excited (LE) triplet states.86 However, the π-π* 
HOMO-LUMO transition of the isolated components of a D-A compound tend to have 
very high spatial orbital overlap and corresponding high exchange energies. From a 
physical perspective, if the CT state of the D-A compound is not sufficiently low in 
energy then the triplet of the LE π-π* can be stabilized below that of the triplet CT state 
(see Figure 16). In this situation, the ΔEST is not approximated by 2K, and Adachi’s 
design rules fail. 
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Figure 16 – Hypothetical energy level diagram of a donor-acceptor compound. The 
S1 is an intramolecular CT transition from HOMO to LUMO, and the 3CT is lower 
in energy by twice the exchange integral of the orbitals involved in the CT (KCT). 
The increased energy of the exchange integral of the LE state (KLE) on the acceptor, 
due to high spatial overlap, stabilizes 3LE such that the transition is lower in energy 
than 3CT and, consequently, is the T1 state. 
This idea was given a theoretical framework after Penfold noted that the ΔEST of a 
compound often seems to have a dependence on the energy difference between the 
HOMO and the LUMO, and not simply on the overlap.87 Lee and Kim pointed out that in 
systems where the LE and CT states are close in energy, the associated transition displays 
character from both configurations, there is a mixing of CT and LE states to describe the 
true transition.88 For the high energy states associated with blue emission energies in 
which the singlet state is well described by a HOMO to LUMO CT transition, the LE 
triplet states are closer in energy to the CT triplet states and substantial mixing can occur. 
Due to the stabilization provided by the exchange energy in triplet systems, it is 
energetically favorable for the hybrid CT/LE of the triplet state to show more LE 
character than that of the singlet state, where the exchange energy destabilizes the state. 
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Consequently, the configurations of the singlet and triplet state are often different, and 
the ΔEST is therefore higher than predicted by the simple 2KHL approximation. 
While the mixing of the LE and CT triplet states poses a limitation, it also points 
the way towards better design rules for TADF fluorophores. While an increase in ΔEST is 
problematic, differences in the orbital nature of the singlet and triplet states can actually 
increase the energy spin-orbit coupling matrix element and, thus, the reverse intersystem 
crossing rate consistent with El-Sayed’s rules. Since the ΔEST of a CT transition is 
generally small, a careful balancing of the charge transfer singlet energy and the locally 
excited triplet energy should lead in a compound with a minimized ΔEST and 
simultaneously a high SOC, and result in fast RISC as shown in Equation 21.78 
2.4 Characterization of TADF Emitters 
The complexity of the interplay of orbitals on the RISC rates of molecules and the 
sensitivity of these rates to very small changes in energies means that synthesizing new 
compounds and measuring their properties directly is the most successful method for 
identifying high performing fluorophores for TADF applications. Novel compounds are 
characterized in the following ways to screen for their applicability as emitters. 
2.4.1 Absorption and Emission Spectra 
Simple absorption and emission spectra are used for determining the relative 
energies of the absorption and the fluorescent and phosphorescent transitions. Emitter 
color is, to a first approximation, determined by the energy difference between the upper 







where h is Planck’s constant, c is the speed of light and E is the energy of the transition. 
Due to the requirement of blue, green, and red emitting OLEDs for displays, and the 
addition of yellow for white-light OLEDs, controlling the emission color is of utmost 
importance for emitter application.89 
 Estimating ΔEST requires estimates of the S1 and T1 energies, which is usually 
achieved by measuring the fluorescent emission and the phosphorescent emission. Figure 
17 shows the photoluminescence of a hypothetical compound as a function of time. 
Phosphorescence is not, in general, observed in organic compounds at room temperature. 
This is due to the spin-disallowed transitions of intersystem crossing and 
phosphorescence both being slow in comparison to the spin-allowed relaxation pathways 
that compete, including fluorescence and vibrational relaxation. Importantly, the singlet 
state will be fully depopulated by these pathways before the metastable triplet state fully 
decays. Furthermore, by holding the sample at cryogenic temperatures, most commonly 
in a liquid nitrogen bath at 77 K, vibrational and collisional relaxation pathways that out-
compete the phosphorescent emission can be suppressed. By taking an emission spectrum 
using a flash lamp and introducing a delay between the excitation pulse and the collection 
of emission data on the range of μs to ms, and while holding the sample at cryogenic 
temperatures, a phosphorescence spectrum can be collected without the strong 
fluorescence emission dominating the spectrum or the non-radiative decay pathways 
extinguishing the emission. 
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Figure 17 – Photoluminescence of a hypothetical organic compound as a function of 
time after excitation by a flash of light with an infinitesimally narrow pulse width. 
After excitation, strong prompt fluorescence (red) dominates the emission. After the 
S1 state is fully depopulated, slower, weaker phosphorescent emission remains and 
continues to decrease as a function of time. By introducing a “delay time” after 
excitation, only the phosphorescent signal can be integrated, which is plotted as a 
function of wavelength to obtain the phosphorescence spectrum. This ignores any 
potential delayed fluorescent emission. 
 An additional note should be added for compounds with low ΔEST that display 
TADF. While TADF and phosphorescence both depopulate the triplet state on the same 
time-scale, distinguishing between the two as a practical matter is usually not an issue. 
The TADF spectrum occurs from the singlet manifold and is superimposable with the 
prompt fluorescent emission, while the phosphorescence originates in the lower energy 
triplet manifold and will have a red shifted emission profile and, potentially, a different 
line shape. As a thermally activated process, RISC (and therefore TADF) is slower at 
lower temperatures whereas phosphorescence, being a spontaneous emission, is not and 
is in fact enhanced for the reasons discussed above. Furthermore, while the luminescent 
lifetimes of the two processes are entwined, the intensities are not. As a practical matter, 
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at cryogenic temperatures the thermally activated delayed fluorescent process is largely 
suppressed and phosphorescence dominates. At room temperature, RISC rates in 
compounds that exhibit TADF tend to be faster than phosphorescent rates and TADF 
dominates. In compounds that display the lowest ΔEST values, the fluorescent emission 
and the phosphorescent emission are practically superimposed, and in these cases it may 
be more difficult to assign with confidence what arises from TADF and what arises from 
phosphorescence. 
2.4.2 Determining the ΔEST 
 
Figure 18 – (left) Normalized absorption, and photoluminescence spectra of an 
organic fluorophore plotted against energy. Room temperature photoluminescence 
is attributed to fluorescence (red), and photoluminescence in a frozen matrix at 77 K 
with a 500 μs delay of detection after excitation is attributed to phosphorescence 
(blue). (right) Using the high energy onset of the fluorescent and phosphorescent 
emission spectra to estimate the adiabatic singlet-triplet energy gap, the ΔEST is the 
difference in energy between the onset of fluorescence and the onset of 
phosphorescence, referenced against the ground state of the molecule as zero. 
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The ΔEST of a compound is generally determined in one of two ways. For the 
majority of new emitters, the ΔEST is estimated from the high-energy onset of the steady-
state fluorescence and phosphorescent emission spectra, as shown in Figure 18. Since this 
value comes from the optical spectra, this is an adiabatic gap. 
A more direct way to approximate the ΔEST gap is to determine the activation 
energy, Ea, for the reverse intersystem crossing rate (kRISC) using the Arrhenius equation: 
 







The determination of kRISC for such a plot is not trivial, but is estimated by the 








where τDF is lifetime of delayed fluorescence, and ΦISC is the triplet yield through 
intersystem crossing. Analysis of Equation 1.19 shows that when ΦDF /ΦPF ≥ 4, ΦRISC can 






If this is not the case, approximations must be made. One common approximation is 
assuming that internal conversion to the ground state is negligible and singlet excitons 
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undergo either fluorescent emission or intersystem crossing. Under this assumption, and 
in the absence of photochemistry, ΦISC is approximated by: 
 𝛷𝐼𝑆𝐶 = 1 − 𝛷𝑃𝐹 (29) 
As emission energy of fluorescence decreases, this approximation becomes less and less 
valid, according to the energy gap law, which states that non-radiative relaxation 
undergoes an exponential decrease in rate as the energy gap between the initial and final 
states increases.90 
2.4.3 Photoluminescent Quantum Yield 
The PLQY and lifetime are perhaps the two most important quantities for 
understanding the photophysics of a fluorophores. PLQY is a key parameter not only 
because of its role in many of the equations above, but also because of its relationship 
with q in determining the efficiency of an OLED device. As stated above, the PLQY is 
the ratio of photons emitted to photons absorbed after photoexcitation. There are two 
accepted methods for determining PLQY, relative and absolute quantum yield. All of the 
following discussion assumes a corrected spectrum that gives photonic output (i.e. photon 
flux) instead of the instrument response (generally a radiometric quantity).91  
Relative quantum yield method for determining PLQY involves the comparison 
of the fluorescence of an analyte to that of a standard with known and accepted quantum 
yield. Relative quantum yield is performed on a standard fluorometer with 90° geometry 
where only a fraction of light emitted towards the detector. The determination is 
performed by collecting a series of steady-state fluorescence emission spectra, of both the 
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analyte and the standard, with absorbance at and above the excitation wavelength of 0.02-
0.05 to minimize the inner filter effect and reabsorption losses. All spectra must be taken 
with identical instrument settings, including excitation wavelength, excitation and 
emission monochromator slit widths, scan speed, integration time, etc. The integrated 
intensity of the emission spectra are plotted vs. the absorption of the solution to yield a 
straight line with intercept at zero. The slopes of the lines of best fit for the analyte and 
standard are then used in the following equation to determine the PLQY of the analyte 
(ΦA): 
 







2 ) (30) 
where Φstd is the PLQY of the standard, MA and Mstd are the slopes obtained from the plot 
of integrated intensity vs. absorbance, and ηA and ηstd are the refractive indices of the 
solvents in which the analyte and standard are dissolved, respectively. This technique is 
only valid for samples that do not exhibit fluorescence anisotropy, and as such is not 
applicable for thin films or powders. 
Absolute quantum yield determinations are not limited by anisotropic emission 
and are obtained by a single measurement (plus a blank) making it in many ways 
preferable to a relative quantum yield determination. It does, however, require the use of 
an integrating sphere to collect all the light; transmitted, scattered, reflected, and emitted. 
Absolute PLQY is required for scattering samples such as powders and the films used to 
assess the performance of an emitter doped into a host.92 
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The determination itself is best performed on a sample with Abs. ≤ 0.05 and 
involves the collection of a spectrum that includes both the excitation wavelength and the 
entirety of the emission band of the analyte. Corrected spectra are divided into 
“absorption” and “emission” bands (see Figure 19), and the difference between the 













Where FA and FB are the spectra of the analyte and the blank, respectively, the difference 
of which are integrated over the emission bands and the absorption bands to directly 
measure the ratio of photons emitted to photons absorbed. Photon numbers determined in 
this way are referred to as relative photon numbers. The emergence of standalone 
commercial spectrometers for absolute PLQY determinations are working to make this 
technique more common and accessible than in the past.93 
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Figure 19 – Emission spectra of a blank (black) and analyte solution (red) collected 
in an integrating sphere. Absorption region for PLQY purposes shaded in gray, 
emission region shaded in purple. 
2.4.4 Fluorescence Lifetime 
The fluorescent lifetime (τfl) relates to the PLQY as was discussed in CHAPTER 






 Practically, the fluorescence lifetime is determined in the time domain by using 
time-correlated single photon counting (TCSPC). The principle of TCSPC is that photons 
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arriving at a detector are correlated against an excitation pulse and plotted as a function 
of time against the excitation. By repeating the process many times, an intensity vs. time 
histogram showing the decay of the species of interest can be constructed. The shape of 
the histogram corresponds to the decay of the fluorophore as a function of time. 
 If a collection of fluorophores that follow a monoexponential decay is excited by 
an infinitesimally short pulse of light, an initial population of fluorophores in the excited 
state (n0) will decay as a function of time that depends on the decay rates kfl and knr: 
 𝑑𝑛
𝑑𝑡
= (𝑘𝑓𝑙 + 𝑘𝑛𝑟)𝑛(𝑡) (33) 
where n(t) is the number of molecules excited at time t after the excitation. As was stated 
earlier, τfl is the inverse of the sum the rate constants for all of the decay pathways. In an 
experiment, the number of molecules excited is not observed, but instead fluorescent 
intensity (I) is, and thus the solution to Equation 33 is the exponential decay that is 
collected in the TCSPC experiment: 
 




where I0 and I(t) is the fluorescence intensity at time 0 and at time t, respectively.
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 For systems involving multiexponential decays, including mixtures of 
fluorophores or fluorophores with multiple independent decay pathways (such as in the 









where the sum of all α is normalized to unity.94 When the biexponential being fit is 
prompt fluorescence and delayed fluorescence, the resulting τ1 and τ2 correspond to τPF 
and τDF. The delayed fluorescent lifetime plays an important role in device roll-off when 
the fluorophore is incorporated into an emitter.95 When characterizing TADF 
fluorophores, the ability of oxygen to quench triplets must be considered. 
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CHAPTER 3. STRUCTURE-PROPERTY RELATIONSHIPS 
GIVING RISE TO THERMALLY ACTIVATED DELAYED 
FLUORESCENCE IN DONOR-ACCEPTOR FLUOROPHORES 
COMPRISED OF 2,5-DIPHENYL-1,3,4-OXADIAZOLE AND 9H-
CARBAZOLE 
3.1 Introduction 
In this chapter, a systematic study of the structure-property relationships of donor-
acceptor compounds, comprised of 2,5-diphenyl-1,3,4-oxadiazole acceptor with carbazol-
9-yl donor moieties, will be presented. Specific attention will be paid to the role of 
regiochemistry in simple carbazole-oxadiaozle compounds, along with strategies for 
modifying the donor and acceptor strengths of the constituents. The effects of these 
modifications on several physical properties key to the TADF process will be examined, 
including singlet and triplet state energies and the resulting ΔEST values, 
photoluminescent quantum yields, and fluorescent decay rates. Insights into the physical 
nature of the important excited states will be exploited to develop specific design rules 
for constructing DPO based fluorophores that exhibit efficient TADF. As a proof of 
concept, part two of this chapter will feature the design and syntheses of compounds 
exploiting the design rules that were established in part one, and in some cases will be 
incorporated into OLEDs to demonstrate the applicability as TADF emitters. 
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3.1.1 2,5-Diphenyl-1,3,4-oxadiazole Compounds Displaying TADF 
The molecule 2,5-diphenyl-1,4,5-oxadiazole (DPO) is known for its high thermal 
stability and photoluminescent quantum yield and, along with its ability to be readily 
modified to create a diverse set of derivatives, has been widely exploited as an electron-
transport materials in OLEDs.96-101 The electron deficiency of this moiety has been 
utilized by incorporating DPO as the acceptor into bipolar donor-acceptor hosts for 
phosphorescent emitters in OLED devices,102-104 including in combination with the 
ubiquitous carbazo-9-yl (Cz) donor in both molecular compounds and polymers.102-103, 105-
107 Furthermore, Cz-DPO D-A compounds have themselves been exploited as tunable 
emitters in conventional fluorescent OLEDs.108-112 Hence, the use of DPO as the acceptor 
moiety in donor acceptor compounds might be expected to be well explored. This usage, 
however, has been limited to this point. 
To date, DPO has been generally been paired with relatively strong electron 
donors resulting in devices with emission in the blue-green to yellow-green range. Zhang 
et al. reported the compound 2-[4-(5-phenyl-5,10-dihydrophenazine)phenyl]-5-phenyl-
1,3,4-oxadiazole (Figure 20a) that the displayed an emission maximum 577 with Φfl of 
0.12 in deoxygenated toluene solution (ΦPF and ΦDF of 0.08 and 0.04, respectively). A 
device incorporating the emitter displayed an EQEmax of ca. 10%.
113 Donor-acceptor and 
donor-acceptor donor compounds pairing DPO with phenoxazine were reported by Lee et 
al. (Figure 20b) that displayed emission maxima of 495 and 502 nm, respectively. A 
device incorporating 2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-1,3,4-oxadiazole as the 
emitter displayed an EQEmax of 14.9%.
114  Luo et al. incorporated the 10-(4-(5-phenyl-
1,3,4-oxadiazol-2-yl)phenyl)-10H-phenoxazine (Figure 20c) donor-acceptor fluorophore 
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as a sidechain into a copolymer to use in the emissive layer of polymer OLEDs.115 
Depending upon the ratio of fluorophore containing monomers in the polymer, device 
emission maxima ranged from 478-506 nm with EQEmax increasing in concert with the 
wavelength from 1.2-4.3%.116   
 
Figure 20 – Previously reported fluorophores containing 2,5-diphenyl-1,3,4-
oxadiazole that display thermally activated delayed fluorescence. 
Carbazole was chosen as the electron donor moiety as a ubiquitous, electron-rich 
component of organic optoelectronic materials.117 Carbazole is an attractive functionality 
for TADF applications due to its good thermal stability and high triplet energy of ca. 3.0 
eV.118 Despite the common use of Cz as a donor in TADF applications,119 TADF in an 
emitter that pairs DPO with the carbazol-9-yl donor has only recently been demonstrated. 
The compound  2-(2,3,4,5,6-penta(9H-carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole 
was synthesized and used as both a host and emitter in OLEDs and, as the emitting 
species doped into an emissive layer comprised of 1,3-bis(9H-carbazol-9-yl)benzene 
host, yielded a device with EQEmax up to 9.3 % and an electroluminescent emission 
maximum of 473 nm.120 
3.1.2 Initial Strategies for Modifying Fluorophores 
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While there are myriad ways to modify organic compounds, only through series 
of systematic variations can structure-property relationships be deduced. To this end, 
three parameters will be varied from the parent compound 2-(4-(9H-carbazol-9-
yl)phenyl)-5-phenyl-1,3,4-oxadiazole (1) – acceptor strength, donor strength, and 
connectivity. The absorption and photoluminescent properties of 1 are shown below in 
Figure 21. As discussed in Chapter 2, the S1 and T1 energy of the compound can be 
estimated from the onset of fluorescence and phosphorescence, 3.47 eV and 2.74 eV, 
respectively, for the compound. This results in an adiabatic ΔEST for the compound of 
0.73, significantly too high for TADF which generally requires a ΔEST value closer to 
0.1-0.2 eV or less for appreciable reverse intersystem crossing. 
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Figure 21 – (top) The parent carbazole-oxadiazole compound, 1. (bottom) 
Absorption and photoluminescence spectra of 1 collected in dilute toluene solution. 
Photoluminescence at room temperature attributed to fluorescence, and 
photoluminescence at 77 K with a 500 μs delay between excitation and data 
collection attributed to phosphorescence. 
Modification of the acceptor strength correlates to a change in the electron affinity 
of the DPO acceptor. The approach used here is incorporation of fluorine atoms onto the 
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DPO structure to stabilize the LUMO. Due to the high electronegativity of fluorine (3.98 
on the Pauling scale) and relatively small size, fluorine has been used to modify the 
energies of compounds with minimal structural perturbation. Substitution onto the 
aromatic backbones of organic materials has resulted in electron transport from parent 
compounds that display preferential hole-transport,121-122 and substitution on emitters has 
also proven a successful approach to affecting the frontier orbital energies and resulting 
emission energy,123-124 including emitters displaying TADF.125 Li et al. reported a series 
of donor-acceptor TADF fluorophores with a number of fluorine atoms on the bridging 
phenylene, in much the same way as employed here, that displayed an increase in the 
electron affinity, inferred by the reduction potential and by DFT calculations, that 
increased concomitantly with fluorine substitution.126 Using the framework that the 
LUMO of an intramolecular charge-transfer state is approximated by the LUMO of the 
acceptor, stabilization of the acceptor is expected to stabilize both the 1CT and 3CT state 
of the resulting fluorophore. 
Analogously, increasing donor strength in a donor-acceptor compound should also 
stabilize the 1CT and the 3CT of the resulting fluorophore. Here we take the donor 
strength to correspond to the ionization energy of the carbazole donor moiety, which can 
be increased by substitution with electron donating substituents. For this series, 3,6-
bis(N-carbazolyl)-carbazol-9-yl (tCz) and 3,6-bis(3,6-di-tert-butyl-9-carbazolyl)-
carbazol-9-yl (tButCz) were included as stronger electron donors than Cz. The ionization 
energy of the donors can be estimated from the oxidation potential determined via cyclic 
voltammetry of their N-phenyl analogues. By this method, Cz,(N-phenylcarbazole) has 
an oxidation potential of 0.80 V (vs. Fc/Fc+).127 The donors tCz (3,6-bis(N-carbazolyl)-N-
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phenylcarbazole) and tBu4tCz  (3,6-bis(3,6-di-tert-butyl-9-carbazolyl)-N-
phenylcarbazole) are comparably easier to oxidize, with oxidation potential of 0.56 and 
0.50 V (vs. Fc/Fc+) respectively.128  
Finally, the connectivity between the donor and acceptor can easily be chemically 
modified, and at first will be varied only with regards to the substitution pattern on the 
bridging phenylene. The exact role of connectivity has not been well covered in the 
literature to this point, although there is evidence that it is an important parameter for 
controlling RISC rates due to its inequivalent effect on singlet and triplet states.129 
3.2 Photoluminescent Properties 
3.2.1 Adiabatic Singlet and Triplet Energy of CzDPO Fluorophores 
Figure 22 shows the series of compounds synthesized to investigate the 
modification of acceptor strength on the properties of the fluorophore. The compounds 2-
(4-(9H-carbazol-9-yl)-3,5-difluorophenyl)-5-phenyl-1,3,4-oxadiazole (2) and 2-(4-(9H-
carbazol-9-yl)-2.3,5.6-tetrafluorophenyl)-5-phenyl-1,3,4-oxadiazole (3) were obtained 
under similar nucleophilic aromatic substitution reactions as the CzDPO parent 
compound. Synthesis was performed in collaboration with Dr. Yadong Zhang. 
 
Figure 22 – Series of carbazole-oxadiazole donor-acceptor compounds synthesized 
with increasing acceptor strength 
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Fluorescence and phosphorescence spectra for the compounds were collected and 
are shown in Figure 23. The parent compound 1 displays a fluorescence λmax at 382 nm 
with the broad, structureless line shape consistent with an intramolecular charge-transfer 
band, with estimated adiabatic singlet energy from the fluorescent onset at 3.47 eV. The 
fluorescence spectra showed a strong dependence on substitution by fluorine on the 
bridging phenylene. The line shape of the fluorescent emission of compound 2 was 
similar, but λmax was red shifted to 414 nm and the estimated adiabatic singlet energy 
decreased to 3.32 eV. Finally, the fluorescent emission of the tetrafluoro compound 3 was 
further red shifted to 444 nm and the singlet energy was further stabilized to 3.24 eV. 
This trend in consistent with the expectation of an S1 state well characterized by a 
HOMO-LUMO transition between the electronic donor and acceptor in which increased 
acceptor strength, due to increasing stabilization of the LUMO localized on DPO by the 
electronegative fluorine atoms, stabilizes the CT transition. 
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Figure 23 – Photoluminescence intensity of acceptor strength series 1, 2, and 3 
plotted against energy. Fluorescence spectra collected in toluene solution (ca. 10-5 M) 
at room temperature, phosphorescence spectra collected in toluene matrix at 77 K 
with a 500 μs delay between excitation and detection. 
 The phosphorescence spectra (dashed lines, Figure 23) of the compounds in the 
series show the expected red shift vs. fluorescence, due to the stabilization provided by 
the exchange energy. Immediately apparent is that the phosphorescence spectra show, in 
contrast to that of the fluorescent emission, significant vibronic structure. Furthermore, 
the energy of the emission is virtually independent of the fluorine substitution on the 
DPO moiety, with the estimated triplet energy determined from the phosphorescence 
onset ranging from 2.74 eV in 1 to 2.75 eV in 2 and 3. As a result, the adiabatic ΔEST 
 61 
values are estimated to be 0.73, 0.57, and 0.49 eV for compounds 1, 2, and 3, 
respectively, as a consequence of the stabilization of ES. 
 The series of carbazole-derived donors with decreasing ionization potentials 
coupled to the DPO acceptor is shown below in Figure 24. The compounds 2-(4-(9'H-
[9,3':6',9''-tercarbazol]-9'-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (4) and 2-phenyl-5-(4-
(3,3'',6,6''-tetra-tert-butyl-9'H-[9,3':6',9''-tercarbazol]-9'-yl)phenyl)-1,3,4-oxadiazole (5) 
differ from 1 only by the donor moiety. 
 
Figure 24 – A series carbazole-oxadiazole donor-acceptor compounds synthesized 
with increasing donor strength. 
  The photoluminescence spectra obtained from the compounds is shown in Figure 
25. Similarly to the previous compounds, the line shapes of the fluorescent emission are 
all similar with a broad, unstructured emission consistent with the singlet emission being 
well characterized as a CT state. Relative to the fluorescence of 1 (λmax = 382 nm), the 
λmax of emission is red shifted in 4 to 407 nm, and then further to 417 nm in 5. 
Furthermore, the estimated adiabatic singlet energy, as estimated from the onset of 
fluorescence, follows the same trend of stabilization with increased donor strength, 
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decreasing from 3.47 eV in 1 to 3.35 and 3.27 eV for the tris-carbazol-9-yl and tert-butyl-
tris-carbazol-9-yl substituted oxadiazoles, respectively.  
 
Figure 25 – Photoluminescence intensity of donor strength series 1, 4, and 5 plotted 
against energy. Fluorescence spectra collected in toluene solution (ca. 10-5 M) at 
room temperature, phosphorescence spectra collected in toluene matrix at 77 K with 
a 500 μs delay between excitation and detection. 
The phosphorescence spectra are also shown in Figure 25 and confirm the 
observations about the triplet state from the previous series. Contrary to the fluorescent 
emission, the phosphorescent emission spectra show the vibronic structure consistent 
with an emission arising from a locally excited triplet state. Furthermore, the 
phosphorescence spectra of all three compounds are essentially superimposable, 
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indicating the adiabatic energy of the triplet state is decoupled from the strength of the 
donor moiety of the fluorophore, and thus from the CT state. The estimated triplet state 
energies for 1, 4, and 5 are each 2.74(±0.01) eV. Again, as a result of the sensitivity of 
the singlet state and the insensitivity of the triplet state to the donor strength, the resulting 
estimated ΔEST energies, 0.73, 0.61, and 0.52 eV, respectively, decreased as a direct 
consequence of the stabilization of the singlet state. 
Compounds with the same donor and acceptor but different connectivity between 
them, that is meta and ortho connectivity between the carbazole and oxadiazole 
substituents in addition to the para connectivity of the compounds above, were also 
prepared and are shown in Figure 26. For example for 1, moving the donor to the meta 
position yielded 2-(3-(9H-carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (6), along 
with the tCz and tButCz analogues, 2-(3-(9'H-[9,3':6',9''-tercarbazol]-9'-yl)phenyl)-5-
phenyl-1,3,4-oxadiazole (7) and 2-phenyl-5-(3-(3,3'',6,6''-tetra-tert-butyl-9'H-[9,3':6',9''-
tercarbazol]-9'-yl)phenyl)-1,3,4-oxadiazole  (8). Similarly, connection of the carbazol-9-
yl donor in the ortho position yields 2-(2-(9H-carbazol-9-yl)phenyl)-5-phenyl-1,3,4-
oxadiazole (9), with tCz and tButCz analogues, 2-(2-(9'H-[9,3':6',9''-tercarbazol]-9'-
yl)phenyl)-5-phenyl-1,3,4-oxadiazole (10) and 2-phenyl-5-(2-(3,3'',6,6''-tetra-tert-butyl-
9'H-[9,3':6',9''-tercarbazol]-9'-yl)phenyl)-1,3,4-oxadiazole  (11). Within each connectivity 
group, the donor series followed the same singlet and triplet trends as were observed for 
the para connected compounds; singlet energy decreased as donor strength increased 
while triplet energy was largely independent of the structural change. 
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Figure 26 – Carbazole-oxadiazole compounds synthesized with varied connectivity. 
 When the compounds are compared on the basis of connectivity, however, a 
different set of observations is apparent. A representative example, the series comprised 
of the Cz-DPO fluorophores, is shown in Figure 27. In all compounds, placement of the 
donor in the 3- position relative to the oxadiazole leads to the highest energy singlet. For 
example, the singlet energy, estimated from the fluorescence onset, of 7 is 3.39 eV and is 
higher than either 4 or 10 (3.35 and 3.20 eV, respectively). This effect is not as strong as 
the previous observations about donor and acceptor strength. Compounds 1 and 6 show 
onset energies that are approximately equivalent, although the λmax is higher in energy by 
ca. 80 meV.  
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Figure 27 – Photoluminescence intensity of connectivity series 1, 6, and 9 plotted 
against energy. Fluorescence spectra collected in toluene solution (ca. 10-5 M) at 
room temperature, phosphorescence spectra collected in toluene matrix at 77 K with 
a 500 μs delay between excitation and detection. 
Turning our attention to the triplet energy of the compounds, the connectivity 
between donor and acceptor moiety reveals the first approach for modulating the triplet 
energy yet observed in these compounds. In each series, the triplet energy increases as the 
connectivity between the donor and acceptor is changed from para to meta, and then 
again as it is changed to ortho. For example, the triplet energy of 1 increases from 2.74 to 
2.80 eV in compound 6, and then again (slightly) to 2.82 eV in compound 9. The same 
progression is observed in the tCz compounds (2.74, 2.80, 3.02 eV for the 4-, 3, and 2-
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substituted compounds, respectively) and in the tButCz compounds (2.71, 2.80, and 2.83, 
respectively). All steady state photoluminescence data is tabulated below. 
Table 1 – Tabulated Steady-State absorption and photoluminescence data of simple 
carbazole-oxadiazole compounds. Absorption and fluorescence data collected in 
toluene solution (ca. 10-5 M) at room temperature. Phosphorescence collected in 
toluene matrix at 77 K with 500 μs delay between excitation and data acquisition. 
Compound 
  
Absorption Fluorescence Phosphorescence ΔEST 







1 341 382 3.47 466, 501 2.74 0.73 
2 290, 333 414 3.32 468, 536 2.75 0.57 
3 288, 344 444 3.24 508 2.75 0.49 
4 294, 342 407 3.35 464, 500 2.74 0.61 
5 298, 333, 350 417 3.27 465, 501 2.75 0.52 
6 293, 338 392 3.47 454, 489 2.80 0.67 
7 293, 342 404 3.39 454, 488 2.80 0.59 
8 298, 335, 348 416 3.33 455, 490 2.80 0.53 
9 293, 336 401 3.43 462, 492 2.82 0.61 
10 293, 328, 341 431 3.20 497 2.83 0.37 
11 298, 225, 348 439 3.13 457, 464 2.83 0.30 
3.2.2 Fluorescence Decay Rates in CzDPO Fluorophores 
Understanding how to control singlet and triplet energy levels to minimize the 
ΔEST is only one facet of optimizing a molecular system for thermally activated delayed 
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fluorescent applications. The photoluminescent quantum yield must also be considered, 
or more specifically, the fluorescent decay rate must be maximized relative to the non-
radiative decay rates. To this end, the absolute quantum yields and the fluorescent 
lifetimes of the compounds introduced above were determined. Again, one can consider 
the relative fluorescent efficiency and lifetime as a property of donor/acceptor strength 
and as a property of substitution pattern. For these compounds, which contain relatively 
large ΔEST values of 0.3 eV and higher, no TADF signal is observed and so the PLQY is 
attributed entirely to prompt fluorescence. 
Immediately apparent in the data from the compounds reported here is the strong 
dependence of the PLQY on the regiochemistry of the compound. With the exception of 
the fluorinated compounds, in which fluorescence is significantly quenched, each case of 
a carbazol-9-yl donor para to the oxadiazole moiety yields a compound with high Φfl, 
with Cz, tCz, and tButCz yielding fluorophores that display Φfl of 0.92, 0.99, and 0.89, 
respectively. Meanwhile, the meta and the ortho substituted regioisomers display modest 
values that range from 0.05 to 0.33. It is noted that in the determination of PLQY the 
precision is often taken to be ±10%, nevertheless, it is clear that the para regioisomers 
display a significantly more efficient fluorescence. What is not observed is a significant 
difference of the PLQY between substitutions in the 2- and 3-positions. Further analysis 
requires an understanding of the decay rates involved. Fluorescent lifetimes were 
determined and are collected in Table 2, along with the calculated fluorescent decay rates 
(kfl), calculated according to Equation 32. A representative set of fluorescent transients 
from 1, 6, and 9 are shown in Figure 28, where the compound displaying the highest 
PLQY, 0.92, also has a fluorescent lifetime less than half of the other isomers, 2.12 ns as 
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opposed to 5.29 and 5.18 ns for 6, and 9, respectively. As can be seen in Table 2, the 
para substituted fluorophore in each other set of regioisomers also shows a τfl half of 
those of the other compounds. The calculated rates of fluorescence for these compounds 
are in the range of 108 s-1, which is comparable to highly efficient fluorophores such as 
fluorescein.29 The other compounds have fluorescent decay rates an order of magnitude 
lower.  
 
Figure 28 – Transient fluorescence of carbazole-oxadiazole regioisomers 1, 6, and 9. 
The mesomeric effect can be invoked to explain the dependence of the fluorescent 
rate on the connectivity. Substitution of a donor in the 3- position is expected to lead to a 
HOMO with minimal spatial overlap with the LUMO, of which the highest coefficients 
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on the phenylene would be in the 2-, 4-, and 6- positions relative to the π-electron 
withdrawing oxadiazole. Substitution in the 2-position likely leads to a twisting of both 
the carbazole and the oxadiazole relative to the bridging phenylene, increasing the 
orthogonality of the carbazole localized HOMO and the oxadiazole localized LUMO and 
thus decreasing the overlap between them. In both cases, the decreases HOMO-LUMO 
overlap would lead to a decrease in the transition dipole moment, as shown in Equation 7, 
and thus the rate of fluorescence and the PLQY. 
Table 2 – Fluorescence quantum yield (Φfl), fluorescent lifetime (τfl), and rate of 
fluorescence (kfl) of simple carbazole-oxadiazole compounds. Data collected in air 
equilibrated toluene solution (ca. 10-5 M) at room temperature. 
Compound Φfl 
τfl kfl 
/ns /107 s-1 
1 0.92 2.12 43.4 
3 0.21 6.68 3.13 
4 0.99 3.32 29.8 
5 0.89 3.83 23.2 
6 0.05 5.29 0.95 
7 0.33 6.23 5.30 
8 0.17 7.42 2.29 
9 0.18 5.18 3.50 
10 0.10 6.27 1.59 
11 0.11 7.15 1.54 
 70 
3.3 Strategies for Obtaining TADF in Carbazole-Oxadiazole Compounds 
3.3.1 Orbital Nature of the Relevant Electronic States 
Trends observed in the energies of the S1 and T1 states, as well as the fluorescent 
decay rates, with systematic alteration of the donor strength, acceptor strength, and 
connectivity provide insight into the physical nature of the relevant excited states that 
must be understood to design compounds that exhibit thermally activated delayed 
fluorescence. The structure property relationships observed are laid out below. 
Both the donor strength and the acceptor strength of the compound show a strong 
correlation with the energy of the singlet state, as characterized by the fluorescent 
emission. Figure 29 shows the monotonic decrease of singlet energy with increasing 
donor or acceptor strength in each series of like compounds. This is to be expected if the 
transition is well characterized as an intramolecular charge-transfer transition between the 
LUMO and the HOMO, which are themselves well represented by the orbitals on the 
DPO acceptor and the Cz donor. Furthermore, with the exception of the fluorinated 
DPOs, fluorescent decay rates are largely independent of the structure of the donor 
amongst these compounds. On the other hand, the energy of the triplet emission is 
virtually independent of the donor or acceptor strength. Thus, the ΔEST is directly 
dependent on the HOMO-LUMO gap (ΔEH-L), which is in turn controlled by the energy 
of the intermolecular charge-transfer state for carbazole-oxadiazole compounds with like 
connectivity. In principle, as donor and/or acceptor strength is arbitrarily increased, the 
energy of the singlet state will approach the energy of the triplet state and this 
relationship will no longer hold as the T1 state will become better described by 
3CT 
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orbitals and Adachi’s design rule of minimizing the spatial overlap between the HOMO 
and LUMO will determine the ΔEST. 
 
Figure 29 – Compounds grouped by connectivity to show effect of donor or acceptor 
strength on singlet (red squares) and triplet (blue circles) energy. Compound 
number is shown on x-axes, lines on the chart are drawn to guide the eye. 
Turning our attention to role of connectivity, Figure 30 shows the compounds 
grouped by donor type, with the singlet and triplet energies as a function of the 
regiochemistry. As noted above, the singlet energy of the compounds containing a donor 
in the 3-position is slightly higher than in the 2- and 4-positions. This is likely due to the 
mesomeric effect. It is known from reactivity patterns that the 2-,  4-, and 6-positions of a 
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benzene ring substituted with a π-electron accepting group have increased orbital 
coefficients of the LUMO,130 and so a donor attached at the 3-position would not benefit 
from the additional electronic stabilization provided on the atoms in those locations. The 
increase in the energy of the triplet state as the donor and acceptor move closer together 
around the phenylene bridge is quite apparent in Figure 30 and suggests an entirely 
different physical approach for controlling triplet energy than that for controlling singlet 
energy. 
 
Figure 30 – Compounds grouped by donor type to show effect of connectivity on 
singlet (red squares) and triplet (blue circles) energy. Compound number is shown 
on x-axes, lines on the charts are drawn to guide the eye. 
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To rationalize what is physically causing this change in triplet energy with 
substitution pattern requires an understanding of the triplet state of the fluorophores. As 
was demonstrated above, the energy of the triplet state in these carbazole-oxadiazole 
fluorophores is decoupled from the strength of the donor or the acceptor, and from the 
resulting energy of the CT state that dominates the singlet emission. The vibronic 
structure of the spectral envelope also provided compelling evidence that the orbital 
character of the triplet emission differed significantly from the orbitals from which the 
singlet emission originated. The evidence suggests that the triplet state is characterized by 
a localized excitation on either the donor carbazole or the acceptor diphenyloxadiazole. 
 
Figure 31 – Natural transition orbitals for T1 state calculated (TD-DFT, 
B3LYP/6-31G(d,p)) for 2-(4-(Carbazol-9-yl)phenyl)-5-(3-methoxyphenyl)-1,3,4-
oxadiazole (top) and 2-(3,5-Di(carbazol-9-yl)phenyl)-5-(3-methoxyphenyl)-1,3,4-
oxadiazole (bottom). Reprinted with permission from Ref. 104 Copyright 2011 
American Chemical Society.105 
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 The phosphorescent spectra of the compounds above tend to contain vibronic 
structure that resembles that of an isolated N-phenyl-carbazole compound.131 However, 
natural transition orbital analysis performed based on TD-DFT calculations on 
compounds very similar to 1 and 6 suggest that the T1 state is actually localized on the 
DPO moiety.105 If this is indeed the case, increasing the energy of the LE state spread 
over the DPO group would increase the T1 energy of the fluorophore, although a 
significant increase may lead to a similar Cz localized T1. 
Steric crowding induced by placement of the donor carbazole or carbazole 
derivative vicinal to the oxadiazole could potentially twist the bridging phenylene out of 
plane of the oxadiazole. This would be expected to decrease the conjugation across the 
three rings of the DPO moiety and increase the energies of the relevant transitions and 
would, if the above calculations are correct, explain the increase in T1 energy in the 
resulting fluorophore. However, it could also be argued that if the T1 state is, instead, 
localized on the N-phenyl-carbazole that it is due to the necessary concomitant steric 
crowding on the carbazol-9-yl twisting the carbazole backbone out of plane of the phenyl 
group. Crowding on the non-bridging phenyl group, however, would only affect the 
conjugation on the DPO backbone, and so a similar increase in triplet energy due to such 
a modification would provide strong evidence that the triplet is a LE on the DPO. Figure 
32 shows that this is precisely what is observed after substitution of isopropyl groups 
onto the 2’,6’-positions of a published analogue to compound 1, while substitution of a 
methyl group ortho to the carbazol-9-yl group of a published analogue to compound 1 has 
a negligible effect132 confirming the key role of the DPO moiety in the triplet energy of 
these carbazole-oxadiazole fluorophores. 
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Figure 32 – Increase in T1 energy is observed in simple carbazole-oxadiazole 
compounds upon steric crowding between oxadiazole and either the bridging or the 
non-bridging phenyl group, but not between the carbazole and the bridging 
phenylene. 
 Putting together the above information gives the following orbital and state 
pictures for the systems investigated. The HOMO and the LUMO are well approximated 
as the localized HOMO of the Cz and the LUMO of the DPO, and the fluorescent 
transition arises from an intramolecular charge-transfer state involving the HOMO and 
LUMO orbitals. In the triplet manifold, however, the increased energy of the exchange 
integral between orbitals involved in a locally excited state (KLE) on the DPO moiety is 
sufficiently large relative to that of the CT transition (KCT) that the 3LE state has lower 
energy than the 3CT state, and thus the T1 is characterized by this 
3LE state. An energy 
level diagram of this is shown in Figure 33. As such, structural changes stabilize the CT 
state or destabilize the LE state of DPO lead to a decrease in the ΔEST. Additionally, para 
connectivity between the carbazol-9-yl donor and 1,3,4-oxadiazole acceptor results in a 
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fluorescent decay rate an order of magnitude higher  (ca. 108 s-1) than in the meta or ortho 
position. 
 
Figure 33 – Generic energy level diagram of the carbazole-oxadiazole fluorophores 
studied.  
With an understanding of orbital nature of the relevant excited states, new 
compounds can be designed using the design rules laid out above with structures that 
minimize ΔEST values for the purpose of increasing reverse intersystem crossing rates. To 
wit, three approaches were explored: 
1) Designing compounds with stronger donors and/or acceptors decrease the ΔEH-
L such that the 
1CT approaches the 3LE in energy and ΔEST is minimized. 
2) Designing compounds with large amounts of steric hindrance designed to break 
conjugation across the DPO acceptor moiety and push the 3LE upwards towards 
the 1CT to minimize ΔEST, although this may be expected to reduce the kFl. 
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3) A combined approach in which both the CT and LE states are modified, as 
described above. 
3.3.2 Stabilizing the Intramolecular Charge-Transfer 
Perhaps the most obvious approach is to keep increasing the donor and acceptor 
strengths until the singlet energy approaches that of the relatively invariant triplet energy. 
Moreover, this approach is fully compatible with utilizing the regiochemistry of 
compounds 1, 4, and 5 which displayed high fluorescent decay rates of ca. 108 s-1. Figure 
34 show the targeted compounds that combine the increased donor and acceptor strength. 
 
Figure 34 – Compounds with increased donor and acceptor strength 
 Photoluminescent characterization of the compounds showed the expected trend 
of the broad, structureless fluorescent CT emission that continues to red shift from 
compounds 1-5 as the CT state is further stabilized. Fluorescence and phosphorescence 
spectra are shown in Figure 35. Compound 12 displays a singlet energy of ca. 3.18 eV, 
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which, as expected, is lower than that lowest displayed by the compounds with similar 
regiochemistry in the previous series (3, S1 of ca. 3.24 eV). The fluorescent onsets of 
compounds 13 and 14 are quite similar (3.11 vs. 3.08,) despite the fluorescent λmax of 13 
being lower in energy than that of 14 (476 and 454, respectively). Compound 15, 
combining the triscarbazole donor with strongest tetrafluoro-DPO acceptor, demonstrated 
the lowest energy CT state in the series, with a sky-blue emission with λmax at 493 nm 
and an onset of fluorescence at 2.99 eV. 
As can be seen in Figure 35, despite the hypsochromatic shift in the fluorescence 
spectra of the series the phosphorescence emissions are (still) largely superimposable. 
The energy of the singlet is stabilized by almost half an electron volt from the original 
carbazole-oxadiazole compound 1, while the triplet energy is consistently at ca. 2.75 eV 
in all the compounds from this series, as well as the compounds with similar 
regiochemistry in the previous series. As a result, the ΔEST was decreased to 0.27 eV in 
15 from 0.73 in 1 in parallel to the singlet energy decrease. As compound 15 showed a 
moderate ΔEST, further efforts were made to further decrease the ΔEST to a value in the 
range of 0.1-0.2 eV. 
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Figure 35 – Photoluminescence intensity of 12-14 against energy. Fluorescence 
spectra collected in toluene solution (ca. 10-5 M) at room temperatue, 
phosphorescence spectra collected in toluene matrix at 77 K with a 500 μs delay 
between excitation and detection. 
To this end, a stronger donor was synthesized for substitution onto the DPO 
acceptor. The donor 9,9-dimethyl-9,10-dihydroacridine (dimethylacridane, or Ac) is 
structurally similar to carbazole but with a saturated carbon atom bridging the phenyl 
groups, which break conjugation in the structure and leads to the lone-pair of electrons on 
the nitrogen atom to be less conjugated into the phenylenes and therefore more available 
for donation. The HOMO of Ac is estimated from cyclic voltammetry to be at ca. -5.26 
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eV,133 contrasted with ca. -5.30 in the strongest donor investigated above, tCz. Two new 
fluorophores were synthesized with the stronger Ac donor and are shown below. 
 
Figure 36 – Acridane-oxadiazole fluorophores 16 and 17. 
 Photophysical characterization of Ac containing compounds 16 and 17 are 
consistent with and extend the observations of the previous compounds in the series with 
increasing donor and acceptor strength. Figure 37 shows the further red shift in the 
fluorescence with the same triplet energy of ca. 2.75. The ΔEST in 17, still following the 




Figure 37 – Photoluminescence spectra of 16 and 17 (plotted versus energy). 
Fluorescence spectra collected in toluene solution (ca. 10-5 M) at room temperatue, 
phosphorescence spectra collected in toluene matrix at 77 K with a 500 μs delay 
between excitation and detection. 
Due to the polar, charge separated nature of an intramolecular charge-transfer 
state, it is stabilized by a highly polarizable environment more than the ground state 
which displays a comparatively small dipole moment. As a result, a compound with an 
ICT S1 state displays a large Stokes shift, with the photoluminescence and not the 
absorption red shifting with increasing solvent polarity.94. 
 82 
 
Figure 38 – Absorption (closed symbols) and photoluminescence (open symbols) of 
compound 16 (left) and 17 (right), plotted against energy, in a variety of solvents. 
Table 3 – Tabulated steady-state absorption and photoluminescence data of simple 
compounds 12-17. Absorption and fluorescence data collected in toluene solution 




Absorption Fluorescence Phosphorescence ΔEST 







12 296, 353 435 3.18 473, 536 2.73 0.45 
13 292, 355 476 3.11 516 2.75 0.36 
14 295, 342 454 3.07 471, 506 2.73 0.34 
15 294, 341 493 2.99 473, 512 2.74 0.27 
16 289, 360 449 3.02 496 2.78 0.24 
17 290, 376 490 2.88 503 2.75 0.13 
To confirm the nature of the S1, absorption and photoluminescence spectra were 
collected in solvents with a range of polarities and are shown in Figure 38. It is seen that 
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the for both compounds the absorption is only weakly solvent dependent, while the 
emission is substantially red shifted, and, therefore, the Stokes shift, is significantly 
increased, with increasing solvent polarity, as expected for compounds in which the 
emissive state has a dipole moment much larger than that of the ground state. 
3.3.2.1 TADF Properties of 17 
Due to the relatively low ΔEST values displayed by 17, further investigation into 
whether the compound displayed TADF was performed. Figure 39 shows the absorption 
and photoluminescence of the compound plotted against wavelength. The absorption 
spectrum shows an absorption maximum at 290 nm that is attributed to π-π* transitions 
localized on DPO.102 The broad, lower intensity absorption band at 376 nm is consistent 
with an intramolecular CT transition between the acridane donor and diphenyloxadiazole 
acceptor, as is seen in the fluorescence spectrum as discussed above, and is more well 




Figure 39 – Absorption and photoluminescence spectra of 17 collected in dilute 
toluene solution, with photoluminescence at room temperature attributed to 
fluorescence, and photoluminescence at 77 K with a 500 μs delay between excitation 
and data collection attributed to phosphorescence. 
To probe whether the decreased ΔEST of 17 would lead to TADF, the transient 
photoluminescence in dilute toluene solution was collected, and is shown in Figure 40. 
After sparging the solution with nitrogen gas to reduce the concentration of triplet-
quenching molecular oxygen, a two-component decay is observed. The fast component, 
with a lifetime of 8.8 ns, and the slow component, with a lifetime of 179 μs, are assigned 
to prompt fluorescence and TADF, respectively. Upon equilibrating with air, the slow 
component disappears, consistent with a delayed emission pathway in which the exciton 
spends time in the triplet manifold. Furthermore, the PLQY increases from 0.16 in air-
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equilibrated solution to 0.24 upon sparging with nitrogen. Thus, the stabilization of the 
CT state in 17 lowers the singlet sufficiently for efficient RISC from the T1 state, leading 
to TADF in the compound. In contrast, 16 showed only a single, fast component in the 
transient fluorescence after sparging with nitrogen, and the PLQY only slightly increases, 
from 0.16 to 0.18. 
 
Figure 40 – Time-resolved fluorescence of 17 collected in toluene solution before and 
after sparging with nitrogen gas to minimize oxygen in solution. 
Determining the reverse intersystem crossing rate using Equation 27 is 
complicated by the fact that the ratio of delayed fluorescence to prompt fluorescence 
quantum yield is less than 4, and thus Equation 28 will underestimate the ΦISC, while 
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equation 29 will overestimate it. However, they can be used to give us an upper and 
lower limit for ΦISC, and thus the kRISC. Using these approximations gives a range of 0.5-
1.0  104 s-1, which is low for highly efficient TADF emitters as may be expected due to 
the relatively high ΔEST of 0.13 eV. 
Table 4 – Tabulated fluorescence and TADF quantum yields and lifetimes for 
compound and key rate constants for compounds 17 in toluene solution. 
Compound 
  
PLQY Lifetime kfl kRISC ΔEST 
ΦPF; ΦDF τPF /ns τDF /μs /10
7s-1 /104 s-1 /eV 
17 0.16;0.12 8.8 179 1.8 0.5-1.0 0.13 
To better understand the properties of the emitter in an environment more relevant 
to an OLED device, thin films containing compound 17 doped at 12.5 wt.% into a thin 
film comprised of bis(2-(diphenylphosphino)phenyl)ether oxide (DPEPO), obtained via 
spin-casting from chloroform in air followed by drying under high vacuum, were also 
photophysically characterized (See Figure 41, below). The ambient-temperature steady-
state emission and the 77 K delayed emission are both quite similar to the corresponding 
spectra acquired in toluene solution, but with slight red shifts in the maxima and onsets, 
and a slightly larger estimated ΔEST value of 0.16 eV. The delayed fluorescence lifetime 
of 113 µs is somewhat shorter than that in toluene solution. 
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Figure 41 – Photoluminescence of 17 doped into DPEPO thin film (12.5 wt%) with 
absorption, fluorescence (300 K), and phosphorescence (77 K, 500 μs delay between 
excitation and data collection) on left, time resolved photoluminescence under  
Finally, 17 was incorporated into an OLED to assess its electroluminescent 
properties. Device fabrication was performed by Xiaoqing Zhang, in the laboratory of 
Prof. Bernard Kippelen. The device structure, shown below in Figure 42 (a) along with 
chemical structures of organic materials used, was as follows: glass/ITO/ MoO3 (15 
nm)/Poly-TriCZ (80 nm)/DPEPO: 17 (25 nm, 25 wt.%)/TP3PO(4 nm)/ TPBi(50 
nm)/LiF(1 nm)/Al(50 nm)/Ag(100 nm). The thin layer of molybdenum trioxide was 
evaporated as a hole-injection layer. The 80 nm-thick Poly-TriCZ hole-transporting layer 
was spin-coated (500 rpm for 60 s) from a chlorobenzene solution (10 mg/ml) and 
thermally annealed (110 °C for 2 min) in a nitrogen-filled glove box. The emissive layer 
(EML) was deposited via a co-evaporation of DPEPO:emitter with a dopant 
concentration of 25 wt.%. DPEPO was selected due to its high triplet state energy of ca. 3 
eV.134 Sequentially deposited TP3PO and TPBi layers used as electron transport layers. 
Lithium fluoride was deposited to improve the electron injection between a 50 nm-thick 
aluminum cathode and the organic layers. A silver layer was deposited atop the 
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aluminum to assist with the contact between the devices and the test set-up. The typical 
OLED active area was 3.0 × 3.0 mm. All thermal vacuum depositions were performed at 
pressures below 1.0 × 10-7 Torr. 
The electroluminescent spectrum of the OLED under a bias of 5 V, shown in 
Figure 42(b), matched the photoluminescent spectrum of 17 in dilute toluene solution, 
displaying blue-green emission with λmax at 494 nm and CIE coordinates of x = 0.22 and 
y = 0.46. Current-voltage-luminance characteristics and external quantum efficiency 
(EQE) are shown in Figure 42(c) and (d), respectively. At low luminance (ca. 10 cd/m2) 
the device displayed a high EQEmax of  21.9%, well above the theoretical maximum EQE 
of a device that converts into light only the singlet excitons that form as singlets formed 
on charge recombination,44 and providing further support that triplet excitons are being 
upconverted to singlets through the TADF process in 17. The high EQEmax is attributed to 
the relatively high PLQY of the compound in the solid state, which was determined to be 
0.72 under a stream of nitrogen when a thin film of the fluorophore doped into a DPEPO 
(12.5 wt.%) was prepared via spin-casting from chloroform in air and dried under high 
vacuum. On the other hand, the device displayed significant efficiency roll-off, to which 
the τDF of 179 μs is likely a major contributor,
135 as the EQE at a luminance of 1,000 
cd/m2 was reduced to 6.9%. While the different character of the S1 and T1 state would be 
expected to afford a larger spin-orbit coupling than a compound where both S1 and T1 
have CT character,78 the ΔEST of ca. 0.13 eV evidently prevents particularly fast reverse 
intersystem crossing in this compound as evidenced by the estimated RISC rate of ca.104 
s-1 which is on the low-end of the value predicted for such an activation energy. 
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Figure 42 – (a) Device structure, (b) electroluminescence (EL) spectrum, (c) current-
voltage-luminance (J-V-L) characteristics and (d) external quantum efficiency of 
OLED device containing 17 as the emitter. 
 In summary, TADF was achieved in compound 17 by stabilization of the 
intramolecular charge-transfer state. In going from compound 1 to compound 17, the 
energy of the triplet was essentially unchanged while that of the singlet decreased by ca. 
590 meV, from. 3.47 to 2.88 eV. As a result, ΔEST mirrored the change in the singlet 




3.3.3 Destabilizing the 2,5-Diphenyl-1,3,4-Oxadiazole Locally Excited State 
Stabilization of the intramolecular charge-transfer state to the energy level of the 
unperturbed 3LE state located on the DPO moiety has the inherent limitation that the 
color of the resulting fluorescent emission is limited by the energy of that state. In 
compound 17, the S1 energy was stabilized until TADF was observed. The resulting 
fluorescence λmax at 490 nm in toluene solution produced an OLED when doped as the 
emitter into a host that, while highly efficient at low luminance, displayed a blue-green 
emission with CIE coordinates x = 0.22, y = 0.46. For reference, primary blue in the 
National Television System Committee color gamut is at x = 0.14, y = 0.08. To obtain 
blue fluorescence simultaneously with a low ΔEST from these components, it is clear that 
the triplet energy must be increased. As the triplet energy is dependent upon the energy of 
the locally excited state on the DPO moiety, this corresponds to increasing the energy of 
that state. Figure 32 shows how to increase this 3LE state by disrupting the conjugation 
along the DPO system using sterically bulky substitution. This approach will be explored 
below. 
Compounds 18 and 19, Figure 43, were prepared in order to see how an 
increasing number of bulky donor substituents would effect on the relevant energy levels 
in the resulting fluorophore. Compound 18 adds a second donor ortho to the oxadiazole 
acceptor in the 6-position, relative to compound 9. Compound 19 adds two more donors 
ortho to the oxadiazole acceptor, in the 2’,6’-positions on the benzene ring in the 5-
position of oxadiazole. These compounds are not a perfect series since the donor for 18 
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and 19 differs from the Cz donor for 9, which will affect the energy of the CT transitions 
in the donor-acceptor compounds. However, a comparison of the triplet state energies, 
which have been shown to have LE character and to be found on the DPO moiety and not 
on the Cz, should be broadly valid. 
 
Figure 43 – Carbazole-oxadiazole compounds synthesized with increased steric 
crowding around the oxadiazole acceptor moiety. 
  Figure 44 shows the photoluminescence spectra of the compounds plotted against 
energy. The fluorescent emission of 18 and 19 are strikingly similar, almost 
superimposable upon one another, and still show the characteristic broad structureless 
line shape of a charge-transfer transition. Comparison to the fluorescence of 9 would not 
be appropriate due to the difference in the donor moiety. Turning attention to the 
phosphorescent emission, the triplet energy of 9 is only slightly increased by the 
substitution of a second donor ortho to the oxadiazole as in 18, from ca. 2.82 when 
carbazole is in the 2-position to 2.84 eV when carbazole is substituted in the 2- and 6-
positions, and displays a similar line shape. This can reasonably be interpreted as the 
emission coming from a similar transition well characterized by the 3LE state that we 
have established likely lies on the DPO acceptor, with the energy of the transition 
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increased ca. 100 meV from that of compound 1 by twisting the phenyl bridge out of 
plane of the oxadiazole. The small increase in triplet energy between 9 and 18 suggests 
that the second donor group is largely unnecessary for increasing triplet energy and the 
conjugation of the bridging phenyl group to the oxadiazole was not further decreased by 
an appreciable amount. 
 
Figure 44 – Photoluminescence intensity of 9, 18, and 19 versus energy. 
Fluorescence spectra collected in toluene solution (ca. 10-5 M) at room temperatue, 
phosphorescence spectra collected in toluene matrix at 77 K with a 500 μs delay 
between excitation and detection. 
 With the addition of the donors to the 2’ and 6’ positions, the triplet energy is 
dramatically increased to 3.02 eV, ca. 0.30 eV higher than the starting compound 1 and 
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0.2 higher than the compounds with crowding only on one of the phenyl groups. 
Furthermore, the line shape and the energy of the phosphorescent spectrum strongly 
resembles that of an isolated N-phenylcarbazole molecule.86 This can be interpreted as 
the conjugation across the DPO moiety being reduced to the point where the energy of 
the 3LE state localized on DPO is higher than that of the Cz, and the T1 is now best 
characterized as a 3LE state localized on the Cz donor. 
Table 5 – Tabulated steady-state absorption and photoluminescence data of simple 
compounds 18 and 19. Absorption and fluorescence data collected in toluene 
solution (ca. 10-5 M) at room temperature. Phosphorescence collected in toluene 
matrix at 77 K.  
Compound 
  










18 289, 327, 341 449 3.02 497 2.84 0.18 
19 290, 296, 326, 340 450 3.03 416, 445 3.02 0.01 
The adiabatic ΔEST of these compounds follows not the singlet energy, as in all of 
the compounds in section 3.3.2, but instead tracks directly with the triplet energy. 
Compound 19, which displays a virtually superimposable fluorescent emission with 18, 
has a an estimated ΔEST of 0.01 eV, almost 0.2 eV lower than in 18. This low ΔEST, is, 
again, due entirely to the increase in the triplet energy. Despite this low value, 
investigation into whether the compound displayed TADF revealed only a 
monoexponential decay in the transient photoluminescence, despite sparging with 
nitrogen to exclude triplet quenching oxygen. Potentially, this is due to the very low 
luminescence of the compound, and the slow rate of fluorescence means the compound  
relaxes non-radiatively before observable TADF can occur. The PLQY of 19 in toluene 
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was determined to be 0.02 with a fluorescent lifetime of 2.8 ns. The rate of fluorescence 
is 7.1  106 s-1 which is even lower than the compounds 9 and 18, of 3.5 and 1.0  107 s-1, 
respectively. This can be rationalized using the same physical explanation as for why the 
T1 energy is seen to increase; as the DPO is twisted out of plane, the oscillator strength 
decreases as electronic overlap between the carbazole localized HOMO and the 
diphenyloxadiazole localized LUMO decreases. 
Table 6 – Tabulated fluorescence and TADF quantum yields and lifetimes for 
compound and key rate constants for compounds 18 and 19 in toluene solution. 
Compound 
  
PLQY Lifetime kfl kRISC ΔEST 
φPF; φDF τPF /ns τDF /μs /107s-1 /104 s-1 /eV 
18 0.09 8.9 - 1.0 - 0.18 
19 0.02 2.8 - 0.71 - 0.01 
Despite the lack of observable delayed fluorescence in compound 19 in solution, 
thin films in which the fluorophore was doped into a DPEPO host matrix were prepared 
via spin-casting from chloroform (12.5 wt. %, 1 mg/mL, 500 rpm) to examine the 
fluorophores in an environment more relevant to that in an OLED device. The thin film 
displayed a much increased PLQY of 0.30 and a clear delayed fluorescence component in 
the transient photoluminescent decay (Figure 45). Importantly, the CIE (x,y) coordinates 
of the photoluminescence of the film was 0.15, 0.09. This true blue emission in a 
compound that displays TADF is only possible through the increased triplet energy 
achieved by the destabilization of the 3LE energy of DPO. 
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Figure 45 – Compound 19 doped (12.5 wt. %) DPEPO thin film. (left) Absorption 
(black) and photoluminescence (red) and (right) transient photoluminescence.  
Despite the the lack of success in an OLED device, the approach of increasing the 
energy of the 3LE on the DPO acceptor was successful in realizing a CzDPO fluorophore 
that displayed TADF properties while simultaneously displaying true fluorescent blue 
emission. This did come at the cost of a severely decreased fluorescent decay rate. 
3.3.4 Combined Approach – Exploiting Regiochemistry to Decrease ΔEST 
With the above compounds, limits of the approaches for decreasing the ΔEST 
described in Section 3.3.1 were explored. On the one hand, stabilizing the intramolecular 
charge transfer state towards the 3LE resulted in a fluorophore (17) that displayed TADF 
with high PLQY (0.72 under a stream of nitrogen when a thin film of the fluorophore 
doped into a DPEPO at 12.5 wt.%), and yielded an OLED with high external quantum 
efficiency when doped into the emissive layer, although with significant roll-off and with 
blue-green emission. On the other hand, pushing the 3LE state on the DPO moiety 
upwards towards the 1CT state resulted in a fluorophore (19) that displayed TADF with 
true blue emission when doped into a thin film, but exhibited weak fluorescence and an 
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OLED using it as the emitter displayed low external quantum efficiency. The rest of the 
compounds in this chapter will fall within the boundaries set by compounds 17 and 19 in 
an attempt to design emitters that display high fluorescence and thermally activated 
delayed fluorescence while also maintaining the higher singlet energy necessary for blue 
emission. 
Compounds 20-24, shown in Figure 46, can be considered as derivatives of 
compound 3 with an increased level of substitution of the carbazol-9-yl donor for 
fluorine. The effect of an increasing number of donor substituents on the photophysics of 
the resulting fluorophore has been observed experimentally as a method for decreasing 
the HOMO-LUMO gap, the S1 energy, and the ΔEST.
136 The effect on the S1 energy was 
noted here; see compounds 9-11 vs. 16. Several recent computational studies have 
focused on elucidating the mechanism by which the S1 energy is reduced for the purpose 
of developing advanced design rules for TADF compounds. It has been calculated 
(ωB97X functional, 6-31G(d) basis set) that a model series of Cz-phthalonitrile-based 
TADF molecules show a monotonic decrease in both S1 and T1-state energy with 
increased number of Cz donors,88 with a larger decrease for the S1 energy leading to a 
parallel monotonic decrease in ΔEST. The effect on the CT-like S1 state has been 
explained through stabilization of the acceptor LUMO via inductive electron withdrawal 
from the acceptor by the carbazol-9-yl substituents, with each additional carbazole 
increasing this effect.137-139 The smaller effect on the T1-state energy, conversely, is due 
to the T1-state, at least for the less substituted compounds, being well described by a 
localized excitation (LE) rather than an intramolecular CT HOMO-LUMO transition.78, 88 
Additionally, and it has also been shown that increased substitution by donors can 
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increase spin-orbit coupling when the S1 and T1 states differ in character, whether they 
are CT vs. LE states, respectively, or whether distinct CT states that mix in to different 
extents in the singlet and triplet manifolds.78, 140 
 
Figure 46 – Structures of CznF5-nDPO compounds investigated. 
The specific topology of the D-A TADF compound has only very recently come 
under systematic investigation. Kim described calculations (gt-ωB97-X functional, 6-
31G(d) basis set) on Cz-phthalonitrile TADF compounds, suggesting that attachment of 
the donor at chemically inequivalent positions significantly affects not the LUMO of the 
acceptor, but the nature and energy of the donor HOMO instead.141 The effect on the 
triplet state was, again, less pronounced and exhibited diminishing significance as the 
number of donors increased and the additive inductive effects began to dominate over 
mesomeric effects.141 Geng et al. found very little change in the energy of the S1 state by 
varying the connectivity in xanthone-phenylene-carbazole compounds, but were able to 
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raise the T1 energy by moving from  para- to meta- to ortho-substitution patterns,
142 
similar to as seen in connectivity series above. 
To help estimate the ionization potential and the electron affinity levels in the 
compounds relative to one another, oxidation and reduction potentials were measured 
using cyclic voltammetry in dichloromethane and tetrahydrofuran, respectively, and all 
values are referenced against a FeCp2
+/FeCp2 internal standard. The voltammograms are 
shown in section 3.5.3, and the data is tabulated in Table 7. In the case of nonreversible 
oxidation processes, potentials were estimated from the onset at a scan rate of 50 mV s-1. 
The reduction waves were sufficiently reversible processes that E1/2 values could be 
estimated. The compounds became slightly more difficult to reduce as additional 
carbazole groups were added, from -2.00 V for 3 to -2.19 V for 24, suggesting fluoro has 
a greater stabilizing effect on the LUMO than carbazolyl, consistent with it acting as a 
slightly stronger electron-withdrawing group. All compounds showed irreversible 
oxidation behavior during the cathodic sweep, consistent with electrochemical oxidation 
occurring on the Cz donor.143 The compounds are increasingly easily oxidized with 
additional Cz substitution, again consistent with the slightly greater electron-withdrawing 
effects of fluorine substituents. Values ranged from 1.17 V for 3 down to 1.00 V for 24. 
Taken together, the electrochemical gap (𝐸𝑒𝑐
𝑔
= 𝑒(𝐸𝑜𝑥 − 𝐸𝑟𝑒𝑑)) changed minimally 
within the series, from 3.12 eV to 3.19 eV. This provides evidence that any significant 
changes in the optical properties in this series of compounds cannot be attributed purely 
to the relative strengths of the donor and the acceptor due to inductive effects. 
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Table 7 – Tabulated electrochemical potentials of compounds 3, 20-24 vs. 





Eox /V Ered /V Eg /eV 
3 1.17 -2.00 3.17 
20 1.15 -1.99 3.14 
21 1.11 -2.04 3.15 
22 1.08 -2.05 3.13 
23 1.02 -2.10 3.12 
24 1.00 -2.19 3.19 
The energy of the S1 state, estimated using the onset of fluorescence, differs more 
significantly over the series (0.39 eV variation) than the electrochemical gap (0.07 eV 
variation). Figure 47 shows the fluorescence spectra of the compounds, collected in dilute 
toluene solution, plotted against energy. Compound 3 exhibits a fluorescence onset at 
3.24 eV. Substituting one fluorine with carbazole yields 20 and lowers the S1 state energy 
to 3.10 eV. Tri-substituted compounds 21 and 22 are at 2.85 and 3.06 eV, respectively. 
Addition of a fourth Cz donor on 23 resulted in onset at 2.86 eV, and pentasubstituted 24 
is at 2.93 eV. Fluorescence maxima follow the same trend as the onsets. 
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Figure 47 – Fluorescent intensity of compounds 3 and 20-24 versus energy, collected 
in toluene solution (ca. 10-5 M) at room temperature. 
When interpreting the structural effects on the singlet state energies, two 
observations stand out. First, the range of S1 state energies (ca. 400 meV) is significantly 
higher than that of the electrochemical gaps, (ca. 70 meV). Second, substitution of Cz 
into the 2- and 6- position provides strong stabilization of S1, while substitution at the 3 
and 5 positions has relatively little effect. The molecules can be classified into three 
groups based on their S1 energies, and on how many donors are substituted in the critical 
2- and 6-positions: compounds with 2,6-donors in addition to in the 4-position exhibit the 
most red shifted fluorescence (red shifts of 0.39, 0.38, and 0.31 eV for the onsets of 21, 
23, and 24 vs. that of 3); compounds substituted in only the 2-position in addition to the 
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4-position exhibit intermediate S1 state energies (red shifts of 0.14 and 0.18 eV for 20 and 
22 vs. CzDPO); while CzDPO has the highest S1 energy. 
 The T1 energy was estimated using the onset of phosphorescence, shown in 
Figure 48. In contrast to the S1 energy, which, as noted above, varied by ca. 400 meV in 
the series, the T1-state energy was less sensitive to donor substitution, varying by ca. 100 
meV. However, the line shapes of the phosphorescence spectra do fall into two distinct 
classes. The compounds that retain fluoro substituents in both 3- and 5-positions 
displayed a line shape resembling the phosphorescent emission of  an isolated donor or 
acceptor; specifically a Cz-like line shape86 is seen in 3 and a DPO-like emission102 is 
seen for 20 and 21. Previously reported quantum-chemical calculations have found the 
T1-state on similar CzDPO compounds to be a LE state primarily localized on the DPO 
moiety.105 The compounds that contain Cz in the 3 and/or 5 positions show an emission 
line shape distinct from the previous compounds, with well-resolved 0,0-peaked high-
frequency (ca. 1300 cm–1) vibronic structure (Figure 48). This may indicate a different 
T1-state character. In particular the line shape indicates that the T1 and S0 geometries are 
primarily related through high-frequency modes; this could possibly be due to 
suppression of low-frequency torsional relaxations by the steric crowding of adjacent 
carbazole groups in the 3- and/or 5-Cz-substituted species. Noda et al. have also recently 
described donor substitution in the 3- and 5-positions modifying triplet states in 
compounds independent of the CT state.144 
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Figure 48 – Phosphorescence spectra of compounds 3 and 20-24 versus energy, 
collected in toluene matrix (ca. 10-5 M) at 77 K with a 500 μs delay after excitation. 
The highest T1 energies of the series were found for the more highly substituted 23 
(2.79 eV) and 24 (2.81 eV). Due to the relatively small variation in T1 energies, the 
estimated ΔEST values roughly followed the trend for the S1 energy and are shown in 
Table 2. Compounds 21, 23, and 24 – the compounds with the lowest energy S1-states – 
exhibit the smallest EST values. However, it was also seen that the most highly 
substituted compounds, 23 and 24, have the highest triplet energies which may be 
attributable to the same mechanism as shown in Figure 32. 
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Table 8 – Tabulated steady-state absorption and photoluminescence data of simple 
compounds 12-17. Absorption and fluorescence data collected in toluene solution 




Absorption Fluorescence Phosphorescence ΔEST 






3 288, 344 444 3.24 508 2.75 0.49 
20 288, 315, 329, 347 449 3.10 516 2.72 0.38 
21 288, 316, 329, 345 490 2.85 521 2.73 0.12 
22 289, 314, 329, 361 459 3.06 484 2.71 0.35 
23 290, 319, 331 483 2.86 471 2.79 0.07 
24 291, 333 482 2.93 459 2.81 0.12 
To probe the potential application of these compounds as TADF emitters, 
fluorescence transients were collected for the more promising compounds in toluene 
solution that had been sparged by bubbling nitrogen for ca. 15 minutes; these are shown 
in Figure 49. Compound 24 displayed a biexponential fluorescent decay composed of a 
prompt component with a lifetime of 3.2 ns and a strong delayed luminescence 
component, attributed to TADF, with a lifetime of 62.8 s. Compounds 21 and 23 also 
displayed biexponential fluorescent decay (prompt fluorescence fl = 3.9 and 3.2 ns, 
respectively) with minor delayed fluorescence components that, while distinguishable 
from the instrument response function (IRF), could not be reliably fitted to determine the 
delayed lifetime. The long-lived luminescence components were quenched after exposure 
to air, consistent with TADF, where the triplet state can be quenched by oxygen before 
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undergoing RISC. It is worth noting that while 21 exhibited detectable TADF, 
regioisomer 22, which exhibits a larger EST value, does not, illustrating the importance 
of D-A topology in the design of TADF compounds. For compound 24, the kRISC was 
determined to be 5.38  104 s
-1, which is 5-10 times higher than that of compound 17, 
above despite a similar EST. 
Thin films of the three compounds displaying TADF properties were deposited by 
co-evaporation of the fluorophore (25 wt.%) with a DPEPO host on a quartz substrate. 
The emission maxima of the films were 472, 484 and 479 nm for 21, 23, and 24, 
respectively. Each compound displayed fluorescent decay with contribution from fast and 
slow components when measured under a nitrogen stream. When fit with a biexponential 
decay function, delayed fluorescent lifetimes of 308.7, 166.2 and 75.0 s were 
determined, respectively. Absolute photoluminescent quantum yields were significantly 
higher than when determined in toluene solution, presumably due to decreased non-
radiative relaxation rates in thin film vs. in solution. 
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Figure 49 – Time-resolved photoluminescence of 21, 23, and 24. (top) 
Photoluminescence collected in toluene solution after sparging with nitrogen gas to 
minimize oxygen in solution. (bottom) Fluorophore (25 wt.%) doped into DPEPO 
thin film, transient collected under a stream of nitrogen. 
 
Under a stream of nitrogen, the PLQYs were 0.32, 0.54 and 0.61, respectively. It 
is worth noting along with the change in the spectral line shape in the phosphorescent 
emission, the compounds with donors in the 3- and 5-positions, positions that do not 
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apparently play a major electronic role in the fluorescent transition, show increased 
TADF despite similar ΔEST values. This provides circumstantial evidence RISC 
mechanism relies on these substituents, likely by providing a triplet state with increased 
spin-orbit coupling with the 1CT state. 
Table 9 – Fluorescence and TADF quantum yields and lifetimes and key rate 




PLQY Lifetime kfl kRISC ΔEST 
ΦPF; ΦDF τPF /ns τDF /μs /10
7s-1 /104 s-1 /eV 
3 0.21 6.7 - 3.13 - 0.49 
20 0.05 4.8 - 1.04 - 0.38 
21 0.04;0.02 3.9 - 1.02 - 0.12 
22 0.12 7.7 - 1.56 - 0.35 
23 0.06;0.04 3.2 - 1.88 - 0.07 
24 0.03;0.10 2.9 62.8 1.03 5.38 0.12 
 
The performance of the three emitters exhibiting TADF discussed above was 
evaluated in OLEDs with the structure shown in Figure 50(a) (see 3.5.4 for chemical 
structures of the materials). Device fabrication was performed by Xiaoqing Zhang, in the 
laboratory of Prof. Bernard Kippelen. Figure 50(b) displays the normalized 
electroluminescence (EL) spectra of the three devices. The EL spectra of the devices 
exhibit more structure than the corresponding solution fluorescence spectra; in addition to 
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the peak at ca. 490 nm, each device also exhibits a subsidiary peak or shoulder at ca. 470 
nm, and longer wavelength shoulders. However, the positions of the strongest maximum 
and the overall emission widths are consistent with those seen in the solution 
fluorescence spectra. However, in the device containing the emitter 23, the intensity of 
the spectral peak at 470 nm is significantly smaller, leading to a greener light emission of 
the device. The existence of two peaks in these devices is due to the concentration of the 
emitter, and has been studied in detail by Zhang et al.145 
 
Figure 50 – (a) Device structures; (b) Electroluminescence (EL) spectra, (c) 
Current-voltage-luminance (J-V-L) characteristics, and (d) EQE of three devices 
containing 21, 23, and 24 as emitters, respectively. 
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Current-voltage-luminance characteristics and EQE as a function of luminance 
are shown in Figure 50(c) and (d), respectively. Despite having similar estimated EST in 
solution, the compounds in which there are donors in the 3- and 5-positions displayed 
stronger delayed fluorescence with shorter delayed fluorescent lifetimes. This trend of 
spectroscopic characteristics favoring TADF was continued in the device efficiencies. 
EQEmax values in the devices ranged from 6.1% in 21, to 17.8% in 23, and up to 24.4% at 
a reference luminance of 10 cd/m2 in 24. Note that under higher injection conditions and 
at a luminance of 1,000 cd/m2, more relevant for applications, devices with 24 yield EQE 
values of 9.2% in non-optimized devices. Device characteristics are summarized in Table 
10. Note that CIE (x,y) coordinates of the devices all show a significantly more blue 
emission than that of compound 17, which emitted green-blue light with chromaticity 
0.22, 0.46. Despite this, the efficiency of the devices are comparable due to an increased 
triplet energy and increase kRISC made possible by more advanced molecular design. 
Table 10 – Device performance of OLEDs made using emitters 21, 23 and 24. Turn-
on voltage (Von) defined as that required to reach 10 cd m-2. EQE, CE and PE 
maximum values reported at 10 cd m-2.  
Emitter 
  
Von  EQEmax CEmax PEmax CIE 
V % cd A-1 lm W-1 x,y 
21 5.1 6.1 12.3 7.7 0.17, 0.30 
23 5.5 17.8 40.6 22.8 0.18, 0.36 
24 4.1 24.4 46.3 34.6 0.16, 0.29 
 Finally, to extend the results of the best emitter thus far (24), the analogous 
compound 25 was synthesized with the expectation that the 3,6-di-tert-butylcarbazol-9-yl 
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donor would stabilize the S1 energy relative to the T1 in the same way as was seen in the 
connectivity series seen earlier. The structure and the absorption and photoluminescence 
are shown below in Figure 51. According to previous results, for example compound 2 
vs. 12, the energy of the singlet may be expected to decrease from that of 24 by ca. 13 
meV, and in fact it decreased 9 meV to 2.84 eV. The energy of the triplet state was, 
notably, relatively unchanged with an energy estimated from spectral onset as 2.84 eV, 
approximately 0.1 eV higher than in the CzDPO model compound 1 and consistent with 
the twisted DPO localized triplet described in Section 3.3. The result is a decreased ΔEST 
of ca. 0.01 eV when estimated from spectral onsets. 
 
Figure 51 – Structure and absorption and photoluminescence spectra of 17 collected 
in toluene (ca. 10-5 M). 
 Practically, the result of this is a fluorophore that has a slightly red shifted 
emission from that of 24. Transient photoluminescence reveals the strong delayed 
component in the biexponential decay, consistent with TADF, with a delayed fluorescent 
lifetime of 30.4 μs in toluene, faster than that found in 24. Analysis of the collected data 
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(see Table 11) shows that the kRISC is increased by a factor of 2-3 which is consistent with 
the lower barrier of the decreased ΔEST, while the kfl is largely unchanged.  
Table 11 – Steady state and time resolved photoluminescent data collected for 
compound 25. Data collected in dilute toluene solution (ca. 5  10-5 M), ΔEST 
estimated from spectral onsets. 
Compound 
  
Absorption Fluorescence Phosphorescence ΔEST 




 297, 342 496 2.84 488 2.83 0.01 
25 
PLQY Lifetime kfl kRISC 
ΦPF; ΦDF τPF /ns τDF /μs /10
7s-1 /104 s-1 
0.05;0.15 2.8 30.4 1.79 13.2 
 The performance of compound 25 as an emitter was evaluated in an OLED with 
the structure shown in  Figure 52(a), the EL spectrum is shown in (b), J-V-L 
characteristics in (c), and EQE as a function of luminance in (d). The chemical structures 
of the materials used in the fabrication of the device are shown in 3.5.4. The OLED 
performance confirms the strong TADF behavior of the emitter 25 as the device exhibited 
a very high EQEmax of 28.7 % at low luminance (10 cd m
-2), and 13.0% at 1,000 cd/m2. 
The higher EQE compared to the comparable compound 24 can be attributed to the 
higher φfl, determined to be 0.81 for 25 in a thin film (12.5% in DPEPO) vs. 0.61 for 24 
under similar conditions. The decreased efficiency roll-off in the device exploiting 25 as 
the emitter, which maintains 45% of the EQEmax at 1,000 cd/m
2 vs. 38% for the OLED 
utilizing 24, is tentatively attributed to the decreased delayed fluorescent lifetime146 
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which is itself attributed to the decreased ΔEST due to the stronger donating strength of 
the tCz donor of 25 as compared to the Cz donors on 24.  
 
Figure 52 – (a) Device structure; (b) Electroluminescence (EL) spectrum, (c) 
Current-voltage-luminance (J-V-L) characteristics, and (d) EQE of device 
containing compound 25 as the emitter. 
3.4 Conclusions 
The simple donor-acceptor compound 2-(4-(carbazol-9-yl)phenyl)-5-phenyl-1,3,4 
oxadiazole (1) is a donor-acceptor compound comprised of ubiquitous donor and 
acceptor moieties, but does not display detectable TADF due to a high energy (3.32 eV) 
singlet state well described by a an intramolecular charge-transfer from the carbazole to 
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the oxadiazole,  and a relatively low lying 3LE state located on the DPO moiety, resulting 
in an estimated adiabatic ΔEST of over 0.7 eV. 
Multiple strategies to decrease the ΔEST were developed. Stabilization of the 
1CT 
state by increasing the strength of the donor and/or the acceptor succeeded in lowering 
the singlet energy independent of the triplet energy, leading to a ΔEST to ca. 0.13 eV in 
compound 17 while maintaining relatively high fluorescent decay rates. An OLED device 
incorporating this emitter displayed a high EQEmax of ca. 20%, implying an IQEmax 
approaching unity, but also a greenish blue emission due to the lower energy CT state. 
Destabilization of the 3LE state by forcing the three rings of the 2,5-diphenyl-1,3,4-
oxadiazole unit out of plane by using sterically bulky groups in the positions ortho to the 
oxadiazole was able to increase the triplet energy independent of the singlet state, leading 
to a ΔEST of ca. 0.01 eV in compound 19, but had the concomitant effect of decreasing 
the fluorescent decay rate by two orders of magnitude. True blue emission, with CIE 
(x,y,) coordinates of 0.15, 0.09 while simultaneously displaying TADF was achieved, 
however the devices made using the compound as the emitter displayed very poor 
performance which we attribute to the high triplet energy of the emitter. Finally, by 
incorporating elements of both strategies, several compounds with sky-blue emission that 
displayed TADF were achieved (21, 23-25). When incorporated into OLED devices as 
the emitter, the devices achieved external quantum efficiencies up to 28.7 %, validating 




3.5 Experimental Details and Supplemental Data 
All reagents were purchased from commercial sources and were used without 
further purification. 1H, 13C, and 19F NMR spectra were recorded using a Bruker Avance 
IIIHD 500 instrument operating at 500 MHz, 125 MHz, and 470.4 MHz, respectively, or 
on a Varian Mercury Vx 400 operating at 400 MHz, 100 MHz, and 376.5 MHz, 
respectively. Chemical shifts are listed in parts per million (ppm) and were referenced 
using the residual nondeuterated solvent 1H signal or the solvent 13C resonance, or using 
an internal standard (trifluoroacetic acid, 76.55 ppm) for 19F NMR. Column 
chromatography was carried out using silica gel (60 Å, 40-63 µm, Sorbent) as the 
stationary phase. Mass spectra were measured on an Applied Biosystems 4700 
Proteomics Analyzer using MALDI or a VG Instruments 70-SE using electron impact 
(EI) mode. UV-Vis spectra were measured using a Cary 5000 UV-Vis-NIR 
Spectrophotometer. Fluorescence and phosphorescence spectra, and photoluminescent 
transients were collected on a Jobin Yvon Fluorolog-3 equipped with a pulsed xenon 
lamp, photomultiplier tube (Horiba R928), and pulsed LED excitation source (NanoLED) 
and were excited at 330 nm. Fluorescent lifetimes were fit using DAS6 decay analysis 
software. Solution and solid-state absolute photoluminescence quantum yields were 
deter-mined on a Quantaurus-QY C11347 spectrometer. Electrochemical data was 
acquired using cyclic voltammetry in 0.1 M nBu4N
+PF6
- in dry tetrahydrofuran (for 
reductive scans) or dichloromethane (oxidative scans) under nitrogen, using a CH 
Instruments 620D potentiostat, a glassy carbon working electrode, a platinum wire 
auxiliary electrode, and, as a pseudo-reference electrode, a silver wire anodized in 1 M 
aqueous potassium chloride solution. The scan rate was 50 mV s–1 and ferrocene was 
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added as an internal reference. Thermogravimetric analysis was performed on a Perkin 
Elmer Pyris-1 TGA with a scan rate of 10 °C s-1. 
3.5.1 Synthetic Details 
2-(4-(9H-Carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (1). To a solution of 2-(4-
iodophenyl)-5-phenyl-1,3,4-oxadiazole (5.0 g, 15 mmol), carbazole (5.0 g, 30 mmol), and 
Cu (3.0 g, 47 mol) in DMF (30 ml) in a round-bottom flask was added potassium 
carbonate (10.0 g, 72.4 mmol) under nitrogen with stirring. The reaction mixture was 
heated in an aluminum heat block at 150 °C for 9 h. After cooling, the reaction mixture 
was filtered and the solid was washed with THF. The filtrate was concentrated in vacuo 
and water was added to the remaining DMF solution, and a brown solid precipitated and 
was collected via filtration. The crude product was purified by column chromatography 
using dichloromethane as the eluent. The product was recrystallized from methanol/water 
and the white solid product was collected by filtration (4.8 g 86%). 1H NMR (400 MHz, 
CDCl3): δ 8.39 (d, J = 8.8 Hz, 2H), 8.21-8.15 (m, 4H), 7.79 (d, J = 8.8 Hz, 2H), 7.59-7.57 
(m, 3H), 7.53-7.51 (m, 2H), 7.46 (t, J = 6.8 Hz, 2H), 7.33 (t, J = 6.8 Hz, 2H). 13C{1H} 
NMR (100 MHz, CDCl3): δ 164.73, 163.96, 140.85, 140.20, 131.83, 129.11, 128.52, 
127.17, 126.94, 126.18, 123.79, 123.75, 122.41, 120.55, 120.44, 109.66. NMR data are 
consistent with those previously reported.132 
2-(4-(9H-Carbazol-9-yl)-3,5-difluorophenyl)-5-phenyl-1,3,4-oxadiazole (2). A mixture 
of 2-phenyl-5-(3,4,5-trifluorophenyl)-1,3,4-oxadiazole (1.0 g, 3.6 mmol), carbazole (0.60 
g, 3.6 mmol), and potassium carbonate (5.0 g, 36 mmol) in DMSO (20 ml) was stirred at 
room temperature for 21 h under nitrogen. Water (75 ml) was added and a white solid 
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precipitated, which was collected via filtration, washed with water and dried. The crude 
product was purified by silica gel column chromatography using dichloromethane as 
eluent. After removal of solvents, product was recrystallized from acetone/water and 
collected by filtration to yield the product as a white solid (1.4 g 93%). 1H NMR (500 
MHz, CDCl3): δ 8.19 (d, J = 8.5 Hz, 2H), 8.16 (d, J = 8.5 Hz, 2H), 7.63-7.57 (m, 3H), 
7.47 (t, J = 8.5 Hz, 2H), 7.36 (t, J = 8.5 Hz, 2H), 7.19 (d, J = 8.5 Hz, 2H). 13C{1H} NMR 
(125 MHz, CDCl3): δ 165.42, 161.47 (d, JCF = 234 Hz), 158.49, 139.98, 132.32, 129.27, 
127.14, 126.34, 125.01, 123.99, 123.32, 120.95, 120.47, 117.45, 111.34 (d, JCF = 26 Hz), 
109.90. 19F NMR (376 MHz, CDCl3): δ -111.78 (d, J = 7.9 Hz, 2F). HRMS (EI, m/z): 
Calcd for C26H15F2N3O, 423.1183 [M
+]; Found 423.1181. 13C{1H} NMR spectrum 
shown in Section 3.5.5 
2-(4-(9H-Carbazol-9-yl)-2,3,5,6-tetrafluorophenyl)-5-phenyl-1,3,4-oxadiazole (3). In 
a round-bottom flask, 2-(pentafluorophenyl)-5-phenyl-1,3,4-oxadiazole (1.03 g, 3.30 
mmol), carbazole (0.570 g, 3.41 mmol), and potassium carbonate (4.42 g, 32.0 mmol) 
were placed under vacuum and then under nitrogen. DMSO (20 mL) was added and the 
reaction mixture was stirred overnight at room temperature. The reaction progress was 
monitored via thin-layer chromatography. Upon completion, the mixture was precipitated 
with water and the crude product was collected via filtration. Column chromatography 
(9:1 ethyl acetate/hexanes as eluent) yielded the higher Rf fluorescent product as a white 
powder (0.819 g, 54%). 1H NMR (500 MHz, CDCl3): δ 8.21 (d, J = 6.5 Hz, 2H), 8.16 (d, 
J = 7.5 Hz, 2H), 7.63-7.57 (m, 3H), 7.50 (t, J = 7.5 Hz, 2H), 7.39 (t, J = 8.0 Hz, 2H), 7.22 
(d, J = 8.0 Hz, 2H). 13C{1H} NMR (125 MHz, CDCl3): δ165.84, 155.16, 145.33 (ddt, 
1JCF = 260 
2JCF = 14 Hz, 
4JCF = 4 Hz), 144.14 (ddt, 
1JCF = 260 
2JCF = 14 Hz, 
4JCF = 4 Hz), 
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139.40, 132.50, 129.27, 127.30, 126.66, 124.35, 123.01, 121.65, 120.61, 119.83 (t, 2JCF = 
14), 109.94, 104.51 (t, 2JCF = 14). 
19F NMR (470 MHz, CDCl3): δ -134.94 (m, 2F), -
140.38 (m, 2H). HRMS (EI, m/z): Calcd for C26H13N3OF4 459.0995; Found 459.0994. 
Data is consistent with previously reported characterization.147 
2-(4-(9'H-[9,3':6',9''-Tercarbazol]-9'-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (4): To a 
solution of 2-(4-(3,6-diiodo-9H-carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (0.50 g, 
0.78 mmol), carbazole (1.0 g, 6.0 mmol), and Cu (1.0 g, 16 mol) in DMF (10 ml) was 
added potassium carbonate (3.0 g, 22 mmol) under nitrogen and stirring. The reaction 
mixture was heated in an aluminum heat block at 170 °C for 24 h. After cooling, the 
reaction mixture was filtered and the solid was washed with THF. The filtrate was 
concentrated in vacuo, then water was added to the remaining DMF solution and a brown 
solid precipitated which was collected via filtration. The product was purified by silica 
gel column chromatography using dichloromethane as the eluent. After removal of 
solvent, the product was recrystallized from dichloromethane/methanol. Filtration yielded 
the white solid product (0.30 g 53%). 1H NMR (400 MHz, CDCl3): δ 8.52 (d, J = 8.4 Hz, 
2H), 8.31 (s, 2H), 8.24-8.21 (m, 2H), 8.17 (d, J = 8.0 Hz, 4H), 7.97 (d, J = 8.4 Hz, 2H), 
7.76 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 8.8 Hz, 2H), 7.61-7.59 (m, 3H), 7.42-7.41 (m, 8H), 
7.32-7.28 (m, 4H). 13C{1H} NMR (100 MHz, CDCl3): δ 164.96, 163.82, 141.65, 140.22, 
140.07, 131.99, 130.97, 129.19, 128.90, 127.46, 127.03, 126.51, 125.92, 124.41, 123.74, 
123.37, 123.19, 120.33, 119.86, 119.78, 111.25, 109.61. HRMS (MALDI, m/z): Calcd for 
C50H31N5O [M
+], 717.2594; Found 717.2594. Anal. Calcd for C50H31N5O: C, 83.66; H, 
4.35; N, 9.76. Found: C, 83.38; H, 4.47; N, 9.72. 
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2-Phenyl-5-(4-(3,3'',6,6''-tetra-tert-butyl-9'H-[9,3':6',9''-tercarbazol]-9'-yl)phenyl)-
1,3,4-oxadiazole (5): To a solution of 2-(4-(3,6-diiodo-9H-carbazol-9-yl)phenyl)-5-
phenyl-1,3,4-oxadiazole (0.50 g, 0.78 mmol), 3,6-di-tert-butyl-9H-carbazole (1.8 g, 6.4 
mmol), and Cu (1.0 g, 16 mol) in DMF (10 ml) was added potassium carbonate (3.0 g, 22 
mmol) under nitrogen with stirring. The reaction mixture was heated in an aluminum heat 
block at 170 °C and stirred for 22 h. After cooling, the reaction mixture was filtered and 
the solid was washed with THF. The filtrate was concentrated in vacuo, then water was 
added to the remaining DMF solution and a brown solid precipitated, which was 
collected via filtration. The product was purified by silica gel column chromatography 
using dichloromethane:hexanes (7:3) as the eluent. After removal of solvent, the product 
was recrystallized from dichloromethane/methanol. The pale-yellow product was 
collected by filtration (0.50 g 69%). 1H NMR (500 MHz, CDCl3): δ 8.52 (d, J = 8.4 Hz, 
2H), 8.28 (s, 2H), 8.24-8.22 (m, 2H), 8.19 (s, 4H), 7.98 (d, J = 8.0 Hz, 2H), 7.75 (d, J = 
8.8 Hz, 2H), 7.67 (d, J = 8.8 Hz, 2 H), 7.62-7.58 (m, 3H), 7.49 (dd, J = 8.8 Hz, 2.0 Hz, 
4H), 7.37 (d, J = 8.8 Hz, 4H), 1.48 (s, 32 H). 13C{1H} NMR (125 MHz, CDCl3): δ 
164.94, 163.88, 142.65, 140.40, 140.02, 139.78, 131.98, 131.47, 129.20, 128.88, 127.42, 
127.04, 126.18, 124.43, 123.77, 123.59, 123.20, 123.15, 119.42, 116.24, 111.08, 109.02, 
34.73, 32.03. HRMS (MALDI, m/z): Calcd for C66H63N5O [M
+], 941.5033; Found, 
941.5046. Anal. Calcd for (C66H63N5O)3∙H2O: C, 83.60; H, 6.77; N, 7.39. Found: C, 
83.76; H, 6.75; N, 7.43. 
2-(3-(9H-Carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (6): To a mixture of 2-(3-
iodophenyl)-5-phenyl-1,3,4-oxadiazole (0.50 g, 1.4 mmol), carbazole (1.0 g, 6.0 mmol), 
and Cu (1.0 g, 16 mol), and potassium carbonate (3.0 g, 22 mmol) in DMF (10 ml) under 
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nitrogen with stirring. The reaction mixture was heated in an aluminum heat block at 170 
°C and stirred for 24 h. After cooling, the reaction mixture was filtered and the solid was 
washed with THF. The filtrate was concentrated in vacuo, then water was added to the 
remaining DMF solution and a brown solid precipitated, which was collected via 
filtration. The product was purified by silica gel column chromatography using 
dichloromethane:hexanes (7:3) as the eluent. After removal of solvent, the product was 
recrystallized from dichloromethane/methanol. The white product was collected by 
filtration (0.47 g, 89%). 1H NMR (400 MHz, CDCl3): δ 8.36 (s, 1H), 8.30-8.27 (m, 1H), 
8.18 (d, J = 8.0 Hz, 2H), 8.16 (dd, J = 7.6, 2.0 Hz, 2H), 7.82-7.79 (m, 2H), 7.58-7.51 (m, 
3H), 7.47-7.45 (m, 4H), 7.36-7.32 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3): δ 164.87, 
163.80, 140.58, 138.71, 131.88, 130.82, 130.24, 129.08, 126.98, 126.17, 125.84, 125.77, 
125.34, 123.64, 123.56, 120.43, 120.36, 109.54. 13C{1H} NMR spectrum shown in 
Section 3.5.5. 
2-(3-(9'H-[9,3':6',9''-Tercarbazol]-9'-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (7): To a 
solution of 2-(3-(3,6-diiodo-9H-carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (0.50 g, 
0.78 mmol), 3,6-di-tert-butyl-9H-carbazole (1.8 g, 6.4 mmol), and Cu (1.0 g, 16 mol) in 
DMF (10 ml) was added potassium carbonate (3.0 g, 22 mmol) under nitrogen with 
stirring. The reaction mixture was heated in an aluminum heat block at 170 °C and stirred 
for 22 h. After cooling, the reaction mixture was filtered and the solid was washed with 
THF. The filtrate was concentrated in vacuo, then water was added to the remaining 
DMF solution and a brown solid precipitated, which was collected via filtration. The 
product was purified by silica gel column chromatography using 
dichloromethane:hexanes (7:3) as the eluent. After removal of solvent, the product was 
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recrystallized from dichloromethane/methanol. The pale-yellow product was collected by 
filtration (0.35 g 62%) 1H NMR (400 MHz, CDCl3): δ 8.55 (s, 1H), 8.38 (d, J = 7.6 Hz, 
1H), 8.32 (s, 2H), 8.20-8.17 (m, 6H), 7.97-7.90 (m, 2 H), 7.72-7.65 (m, 4H), 7.60-7.54 
(m, 3H), 7.43 (s, 4 H), 7.42 (s, 4H), 7.32-7.26 (m, 4H). 13C{1H} NMR (100 MHz, 
CDCl3): δ 165.08, 163.67, 141.69, 140.43, 138.21, 132.04, 131.25, 130.82, 130.34, 
129.17, 127.06, 126.51, 126.30, 125.92, 125.54, 124.22, 123.62, 123.18, 120.31, 119.86, 
119.75, 111.15, 109.64. HRMS (MALDI, m/z): Calcd for C50H31N5O [M
+], 717.2594; 
Found 717.2498. Anal. Calcd for C50H31N5O: C, 83.66; H, 4.35; N, 9.76. Found: C, 
83.37; H, 4.42; N, 9.75. 
2-Phenyl-5-(3-(3,3'',6,6''-tetra-tert-butyl-9'H-[9,3':6',9''-tercarbazol]-9'-yl)phenyl)-
1,3,4-oxadiazole (8): To a solution of 2-(3-(3,6-diiodo-9H-carbazol-9-yl)phenyl)-5-
phenyl-1,3,4-oxadiazole (0.50 g, 0.78 mmol), 3,6-di-tert-butyl-9H-carbazole (1.8 g, 6.4 
mmol), and Cu (1.0 g, 16 mol) in DMF (10 ml) was added potassium carbonate (3.0 g, 22 
mmol) under nitrogen with stirring. The reaction mixture was heated in an aluminum heat 
block at 170 °C and stirred for 22 h. After cooling, the reaction mixture was filtered and 
the solid was washed with THF. The filtrate was concentrated in vacuo, then water was 
added to the remaining DMF solution and a brown solid precipitated, which was 
collected via filtration. The product was purified by silica gel column chromatography 
using dichloromethane:hexanes (7:3) as the eluent. After removal of solvent, the product 
was recrystallized from dichloromethane/methanol. The pale-yellow product was 
collected by filtration (0.40 g 55%) 1H NMR (400 MHz, CDCl3): δ 8.54 (s, 1H), 8.38 (d, 
J = 7.2 Hz, 1 H), 8.28 (s, 2H), 8.20-8.17 (m, 6H), 7.97-7.90 (m, 2H), 7.69-7.64 (m, 4H), 
7.62-7.54 (m, 3H), 7.48 (dd, J = 8.8, 2.0 Hz, 4 H), 7.36 (d, J = 8.4 Hz, 4H), 1.48 (s, 32H). 
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13C{1H} NMR (100 MHz, CDCl3): δ 142.61, 140.06, 131.31, 129.18, 127.08, 124.22, 
123.59, 123.13, 116.23, 110.97, 109.04, 34.73, 32.03. Calcd for C66H63N5O [M
+], 
941.5033; Found, 941.5033. Anal. Calcd for (C66H63N5O)2∙H2O: C, 83.33; H, 6.78; N, 
7.36. Found: C, 83.04; H, 6.79; N, 7.35. 
2-(2-(9H-Carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (9): In a round-bottom 
flask, 2-2(flurophenyl)-5-phenyl-1,3,4-oxadiazole (2.0 g, 8.3 mmol), carbazole (5.0 g, 12 
mmol), and potassium carbonate (4.0 g, 29 mmol) was stirred in DMSO in an aluminum 
block at 150 °C for 24 h under nitrogen. After cooling to room temperature, water (150 
mL) was added, and the precipitate was collected via filtration and washed with water. 
The crude product was purified by column chromatography using dichloromethane/ethyl 
acetate (95:5) as the eluent. The product was then recrystallized from acetone/water and 
filtered to yield the product as a white powder (2.8 g, 88%). 1H NMR (400 MHz, CDCl3): 
δ 8.56 (d, J = 8.8 Hz, 1H), 8.16 (d, J = 8.4 Hz, 2H), 7.83 (td, J = 8.8, 2.0 Hz, 1H), 7.75 
(d, J = 8.0 Hz, 1H), 7.68 (d, J = 8.7 Hz, 1H), 7.35-7.7.29 (m, 3H), 7.27 (t, J = 8.0 Hz, 
2H), 7.19 (t, J = 8.4 Hz, 2H), 7.08 (d, J = 8.7 Hz, 2H), 6.99 (d, J = 8 Hz, 2H). 13C{1H} 
NMR (100 MHz, CDCl3): δ 164.73, 162.49, 141.69, 135.24, 133.13, 131.31, 131.21, 
131.12, 129.36, 128.49, 126.48, 126.25, 123.70, 123.31, 123.00, 120.17, 120.04, 109.42. 
NMR data are consistent with those previously reported.148 
2-(2-(9'H-[9,3':6',9''-Tercarbazol]-9'-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (10): To a 
solution of 2-(2-(3,6-diiodo-9H-carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (0.50 g, 
0.78 mmol), carbazole (1.0 g, 6.0 mmol), and Cu (1.0 g, 16 mol) in DMF (10 ml) was 
added potassium carbonate (3.0 g, 22 mmol) under nitrogen with stirring. The reaction 
mixture was heated in an aluminum heat block at 170 °C and stirred for 18 h. After 
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cooling, the reaction mixture was filtered and the solid was washed with THF. The 
filtrate was concentrated in vacuo, then water was added to the remaining DMF solution 
and a brown solid precipitated, which was collected via filtration. The product was 
purified by silica gel column chromatography using dichloromethane as the eluent. After 
removal of solvent, the product was recrystallized from dichloromethane/methanol. The 
white product was collected by filtration (0.36 g 34%).1H NMR (400 MHz, CDCl3): δ 
8.64 (d, J = 7.6 Hz, 1H), 8.28 (s, 2H), 8.15 (d, J = 8.0 Hz, 4H), 7.98-7.84 (m, 3 H), 7.56 
(d, J = 8.8 Hz, 2H), 7.46-7.25 (m, 19H). 13C{1H} NMR (100 MHz, CDCl3): δ 164.80, 
162.29, 141.67, 141.38, 134.66, 133.45, 131.82, 131.44, 130.92, 130.62, 129.96, 128.92, 
126.70, 126.51, 125.86, 124.07, 123.47, 123.09, 123.04, 120.27, 119.72, 119.69, 110.97, 
109.51. HRMS (MALDI, m/z): Calcd for C50H31N5O [M
+], 717.2594; Found 717.2498. 
13C{1H} NMR spectrum shown in Section 3.5.5. 
2-phenyl-5-(2-(3,3'',6,6''-Tetra-tert-butyl-9'H-[9,3':6',9''-tercarbazol]-9'-yl)phenyl)-
1,3,4-oxadiazole (11): To a solution of 2-(2-(3,6-diiodo-9H-carbazol-9-yl)phenyl)-5-
phenyl-1,3,4-oxadiazole (0.50 g, 0.78 mmol), 3,6-di-tert-butyl-9H-carbazole (1.0 g, 3.58 
mmol), and Cu (1.0 g, 16 mol) in DMF (10 ml) was added potassium carbonate (3.0 g, 22 
mmol) under nitrogen with stirring. The reaction mixture was heated in an aluminum heat 
block at 170 °C and stirred for 21 h. After cooling, the reaction mixture was filtered and 
the solid was washed with DCM. The filtrate was concentrated in vacuo, then water was 
added to the remaining DMF solution and a brown solid precipitated, which was 
collected via filtration. The product was purified by silica gel column chromatography 
using hexanes:ethyl acetate (9:1) as the eluent. After removal of solvent, the product was 
recrystallized from dichloromethane/methanol. The pale-yellow product was collected by 
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filtration (0.55 g 75%). 1H NMR (400 MHz, CDCl3): δ 8.65 (d, J = 8.0 Hz, 1H), 8.27 (s, 
2H), 8.17 (s, 4H), 7.98-7.91 (m, 2H), 7.86 (t, J = 7.6 Hz, 1H), 7.57 (d, J = 8.4 Hz, 2H), 
7.47-7.33 (m, 12H), 7.18 (br. s, 3H), 1.48 (s, 32H). 13C{1H} NMR (100 MHz, CDCl3): δ 
164.81, 162.34, 142.54, 141.11, 140.05, 134.79, 133.40, 131.72, 131.40, 131.12, 130.94, 
129.84, 128.93, 126.54, 126.37, 124.05, 123.51, 123.47, 123.05, 119.27, 116.17, 110.79, 
108.94, 34.69, 32.02. HRMS (MALDI, m/z): Calcd for C66H63N5O [M
+], 941.5033; 
Found, 941.5074. Anal. Calcd for C66H63N5O: C, 84.13; H, 6.74; N, 7.43. Found: C, 
83.94; H, 6.81; N, 7.38. 
2-(4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-3,5-difluorophenyl)-5-phenyl-1,3,4-
oxadiazole (12): To a mixture of 2-phenyl-5-(3,4,5-trifluorophenyl)-1,3,4-oxadiazole 
(1.0 g, 3.6 mmol), 3,6-di-tert-butylcarbazole (1.0 g, 3.6 mmol), and potassium carbonate 
(6.0 g, 43 mmol) in DMSO (15.0 ml) was stirred at room temperature for 19 h under 
nitrogen. Water (80 ml) was added and the pale-yellow precipitate was collected by 
filtration, washed with water and dried. The crude product was purified by column 
chromatography using dichloromethane/ethyl acetate (99:1) as the eluent. The product 
was recrystallized from dichloromethane and methanol, and filtration yielded the pale-
yellow product (1.6 g, 84 %). 1H NMR (500 MHz, CDCl3): δ 8.19 (d, J = 8.5 Hz, 2H), 
8.14 (s, 2H), 7.98 (d, J = 8.5 Hz, 2H), 7.62-7.56 (m, 3H), 7.51 (d, J = 8.5 Hz, 2H), 7.09 
(d, J = 8.5 Hz, 2H), 1.47 (s, 18 Hz). 13C{1H} NMR (100 MHz, CDCl3): δ 165.36, 143.86, 
138.38, 132.28, 129.26, 127.13, 123.97, 123.95, 123.36, 116.49, 111.39, 111.18, 109.35, 
34.78, 31.97.  19F NMR (376 MHz, CDCl3): δ -111.84 (d, J = 7.9 Hz, 2F). HRMS (EI, 
m/z): Calcd for C32H31F2N3O, 535.2435 [M
+]; Found 535.2438. 13C{1H} NMR spectrum 
shown in Section 3.5.5. 
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2-(4-(Tert-butyl)phenyl)-5-(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)-2,3,5,6-
tetrafluorophenyl)-1,3,4-oxadiazole (13): A solution of 2-(4-(tert-butyl)phenyl)-5-
(perfluorophenyl)-1,3,4-oxadiazole (0.5 g, 1.4 mmol), carbazole (0.40 g, 1.4 mmol), and 
potassium carbonate (2.0 g, 15 mmol) in DMSO (10 ml) was stirred at room temperature 
for 4 h under nitrogen. Water (80 ml) was added and the reaction mixture was filtered, 
and the solid obtained was washed with water. The crude product was purified by column 
chromatography using dichloromethane/hexanes (7:3) as the eluent. The product was 
recrystallized from acetone/water, and the pure product was collected by filtration (0.75 g 
88 %). 1H NMR (500 MHz, CDCl3): δ 8.14 (s, 2H), 8.13 (d, J = 8.5 Hz, 2H), 7.60 (d, J = 
8.5 Hz, 2H), 7.54 (d, J = 9.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 1.48 (s, 18H), 1.39 (s, 
9H). 13C{1H} NMR (125 MHz, CDCl3): δ 165.90, 156.25, 144.67, 137.83, 127.17, 
126.28, 124.36, 124.25, 120.21, 116.65, 109.47, 35.20, 34.83, 31.92, 31.09. 19F NMR 
(376 MHz, CDCl3): δ -135.32-135.40 (m, 2F), -140.64-140.72 (m, 2F). HRMS (ESI, 
m/z): Calcd for C38H38N3OF4, 628.2946 [M+H]
+; Found 628.2946. Anal. Calcd for 
C38H37N3OF4: C, 72.71; H, 5.94; N, 6.69. Found: C, 72.73; H, 6.00; N, 6.58. 
2-(4-(9'H-[9,3':6',9''-Terbenzo[b]indol]-9'-yl)-3,5-difluorophenyl)-5-phenyl-1,3,4-
oxadiazole (14): A mixture of 2-phenyl-5-(3,4,5-trifluorophenyl)-1,3,4-oxadiazole (0.28 
g, 1.0 mmol), 9'H-9,3':6',9''-tercarbazole (0.50 g, 1.0 mmol), and potassium carbonate 
(5.0 g, 36 mmol) in DMSO (20 ml) was stirred at room temperature for 22 h under 
nitrogen. Water (70 ml) was added and the reaction mixture was filtered, and the solid 
obtained was washed with water and dried. The crude product was purified by column 
chromatography using dichloromethane as the eluent. The pale-yellow product was 
recrystallized from dichloromethane and ethanol. The pale-yellow product was collected 
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by filtration (0.60 g, 80 %). 1H NMR (500 MHz, CDCl3): δ 8.31 (s, 2H) 8.22 (d, J = 8.0 
Hz, 2H), 8.17 (d, J = 7.5 Hz, 4H), 8.13 (d, J = 7.5 Hz, 2H), 7.69 d, J = 8.5 Hz, 2H), 7.65-
7.59 (m, 3H), 7.47 (d, J = 8.5 Hz, 2H), 7.44-7.39 (m, 8H), 7.32-7.28 (m, 4H). 13C{1H} 
NMR (125 MHz, CDCl3): δ 165.58, 162.24, 160.51, 158.47, 141.62, 139.71, 132.43, 
131.43, 129.31, 127.18, 126.66, 125.94, 125.84, 124.75, 123.24, 123.20, 120.31, 119.91, 
119.81, 116.79, 116.66, 111.66, 111.62, 111.45, 109.67. 19F NMR (376 MHz, CDCl3): δ -
111.76. HRMS (EI, m/z): Calcd for C50H29F2N3O, 753.2340 [M
+]; Found 753.2332. 
2-(4-(9'H-[9,3':6',9''-Terbenzo[b]indol]-9'-yl)-2,3,5,6-tetrafluorophenyl)-5-(4-(tert-
butyl)phenyl)-1,3,4-oxadiazole (15): In a round-bottom flask, 2-(4-(tert-butyl)phenyl)-
5-(perfluorophenyl)-1,3,4-oxadiazole (0.23 g, 0.63 mmol), 9'H-9,3':6',9''-tercarbazole 
(0.39 g, 0.78 mmol), and potassium carbonate (2.0 g, 15 mmol) in DMSO (10 ml) was 
stirred at room temperature for 4 h under nitrogen. Water (80 ml) was added and the 
reaction mixture was filtered, and the solid obtained was washed with water. The crude 
product was purified by column chromatography using dichloromethane/hexanes (7:3) as 
the eluent. The product was recrystallized from acetone/water, and the pure product was 
collected by filtration (0.039 g 73 %). 1H NMR (500 MHz, CDCl3): δ 8.32 (d, J = 1.5 Hz, 
2H), 8.17 (d, J = 7.5 Hz, 4H), 8.15 (d, J = 9.0 Hz, 2H), 7.73 (dd, J = 8.5, 2.0 Hz, 2H), 
7.62 (d, J = 9.0 Hz, 2H), 7.50 (d, J = 8.5 Hz, 2H), 7.43-7.42 (m, 8H), 7.32-7.29 (m, 4H), 
1.40 (s, 9H). 13C{1H} NMR (125 MHz, CDCl3): δ 166.12, 156.45, 141.53, 139.14, 
132.12, 127.23, 126.94, 126.34, 126.00, 125.17, 123.2, 120.36, 120.09, 120.05, 119.93, 
111.51, 109.60, 35.24, 31.10. HRMS (EI, m/z): Calcd for C26H15N3OF2 [M
+], 423.1183; 
Found, 423.1181. 13C{1H} NMR spectrum shown in Section 3.5.5. 
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2-(4-(9,9-Dimethylacridin-10(9H)-yl)phenyl)-5-phenyl-1,3,4-oxadiazole  (16): In a 
round-bottomed flask under nitrogen, NaH (dispersion in mineral oil, 0.55 g, 14 mmol) 
was added to a solution of 2-(4-fluorophenyl)-5-phenyl-1,3,4-oxadiazol (1.0 g, 4.2 mmol) 
and 9,9-dimethyl-9,10-dihydroacridine (0.87 g, 4.2 mmol) in anhydrous DMF (20 ml). 
The reaction mixture was stirred at 100 °C for 30 min. After cooling, water (50 mL) was 
added and the precipitate that formed was collected by filtration, washed with water and 
dried. Column chromatography was performed on the pale green crude product using 
dichloromethane:hexanes (3:1) as the eluent. The pure product was collected and 
concentrated in vacuo to yield a white powder (1.1 g, 63%). 1H NMR (500 MHz, CDCl3): 
δ  8.43 (d, J = 8.0 Hz, 2H), 8.20 (d, J = 5.5 Hz, 2H), 7.59-7.55 (m, 5H), 7.49 (d, J = 7.0 
Hz, 2H), 7.03-6.96 (m, 4H), 6.33 (d, J = 8.0 Hz, 2H) 1.72 (s, 6H). 13C{1H} NMR (125 
MHz, CDCl3): δ 164.83, 164.03, 144.64, 140.42, 132.06, 131.88, 130.40, 129.51, 129.14, 
126.98, 126.43, 125.37, 123.77, 123.61, 121.04, 114.08, 36.02, 31.16. HRMS (EI, m/z): 
Calcd for C29H23N3O [M]
+ 429.1841; Found 429.1833. Anal. Calcd for C29H23N3O: C, 
81.09; H, 5.40; N, 9.78. Found: C, 81.15; H, 5.28; N, 9.79. 
2-(4-(9,9-Dimethylacridin-10(9H)-yl)-3,5-difluorophenyl)-5-phenyl-1,3,4-oxadiazole 
(17): In a round-bottomed flask under nitrogen, NaH (dispersion in mineral oil, 0.55 g, 14 
mmol) was added to a solution of 2-phenyl-5-(3,4,5-trifluorophenyl)-1,3,4-oxadiazole 
(1.0 g, 3.6 mmol) and 9,9-dimethyl-9,10-dihydroacridine (0.75 g, 3.6 mmol) in 
anhydrous DMF (20 ml). The reaction mixture was stirred at room temperature for 30 
min. Water (50 ml) was added and the precipitate was collected by filtration, washed with 
water and dried. Column chromatography was performed on the pale green crude product 
using dichloromethane:hexanes (3:1) as the eluent. The pure product was collected and 
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concentrated in vacuo to yield a yellow powder (1.2 g, 71%). 1H NMR (500 MHz, 
CDCl3): δ 8.21 (d, J = 6.5 Hz, 2H), 8.23 (d, J = 7.5 Hz, 2H), 7.62-7.54 (m, 5H), 7.12 (t, J 
= 7.0 Hz, 2H), 7.07 (t, J = 8.0 Hz, 2H), 6.43 (d, J = 8.0 Hz, 2H), 1.75 (s, 6H). 13C{1H} 
NMR (125 MHz, CDCl3): δ 165.29, 161.72 (dd, 
1JCF = 249 Hz, 
3JCF = 5.0 Hz), 162.23 (t, 
JCF = 3.1 Hz), 138.66, 132.20, 131.03, 129.16, 127.01, 126.75, 125.79 (t, JCF = 10.6 Hz), 
123.20, 121.86, 120.39 (t, JCF = 16.3 Hz), 112.77, 111.59 (d, JCF = 26.3 Hz), 36.03, 
30.50. 19F NMR (470 MHz, CDCl3): δ -112.67 (d, JFH = 9.4 Hz). HRMS (ESI, m/z): 
Calcd for C29H21N3OF2 [M]
+ 465.1653; Found 465.1642. Anal. Calcd for C29H21N3OF2: 
C, 74.83; H, 4.55; N, 9.03. Found: C, 74.56; H, 4.81; N, 8.97. 
2-(2,6-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (18): 
In a round-bottom flask 2-(2,6-difluorophenyl)-5-phenyl-1,3,4-oxadiazole (1.0 g, 3.9 
mmol), 3,6-di-tert-butylcarbazole (2.3 g, 8.2 mmol), and potassium carbonate were 
dissolved in DMSO (10 mL) under nitrogen. The reaction mixture was stirred and heated 
in an aluminum block at 150 °C for 24 h. After cooling to room temperature, water (50 
mL) was added the resulting precipitate was collected via filtration and washed with 
water. The crude product was purified by column chromatography using 
dichloromethane/hexanes (1:1) as the eluent. The product was then recrystallized from 
dichloromethane/methanol, and thr product was obtained via filtration as a white powder 
(2.6 g, 87%).  1H NMR (400 MHz, CDCl3): δ 8.05 (d, J = 1.6 Hz, 4H), 8.01-7.97 (m, 1 
H), 7.83 (d J = 8.0 Hz, 2H), 7.42 (dd, J = 8.4, 1.6 Hz, 4H), 7.30 (t, J = 7.6 Hz, 1 H), 7.17 
(d, J = 8.8 Hz, 4H), 7.13 (t, J = 8.0 Hz, 2H), 6.91 (d J = 8.8 Hz, 2H), 1.41 (s, 36H). 
13C{1H} NMR (100 MHz, CDCl3): δ δ 163.97, 158.54, 143.02, 140.01, 139.76, 133.49, 
131.05, 130.11, 128.20, 126.47, 124.29, 123.79, 123.52, 122.97, 116.33, 108.75, 34.66, 
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31.94. Calcd for C54H56N4O [M
+], 776.4454; Found, 776.4457. Anal. Calcd for 
C54H56N4O: C, 83.47; H, 7.26; N, 7.21. Found: C, 83.36; H, 7.17; N, 7.19. 
2,5-Bis(2,6-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-1,3,4-oxadiazole (19): In a 
round-bottom flask, 2,5-bis(2,6-difluorophenyl)-1,3,4-oxadiazole (0.43 g, 1.5 mmol), 3,6-
di-tert-butylcarbazole (1.8 g, 6.4 mmol), and potassium carbonate (4.0 g, 29 mmol) were 
stirred in DMSO for 24 h in an aluminum block at 150 °C under a nitrogen atmosphere. 
After cooling to room temperature, water (50 mL) was added and the precipitate was 
collected via filtration, and washed with water. The crude product was purified by 
column chromatography using dichloromethane/hexane (1:1) as the eluent. The product 
was then recrystallized from dichloromethane/methanol, and filtration yielded the product 
as a white powder (1.7 g, 90%). 1H NMR (400 MHz, CDCl3): δ 7.84 (d, J = 2.0 Hz, 8H), 
7.47 (t, J = 7.6 Hz, 2H), 7.36 (dd, J = 8.4, 1.6 Hz, 8H), 7.09 (d, J = 8.0 Hz, 4H), 6.83 (d, J 
= 8.4 Hz, 8H), 1.46 (s, 72H). 13C{1H} NMR (100 MHz, CDCl3): δ 159.73, 142.78, 
141.46, 141.22, 133.07, 128.28, 124.88, 124.11, 123.64, 115.95, 110.28, 34.65, 32.03. 
MS (MALDI, m/z): Calcd for C94H102N6O [M
+], 1330.8; Found, 1330.8. Anal. Calcd for 
C94H102N6O: C, 84.77; H, 7.72; N, 6.31. Found: C, 84.93; H, 7.45; N, 6.19. 
2-(2,4-Di(9H-carbazol-9-yl)-3,5,6-trifluorophenyl)-5-phenyl-1,3,4-oxadiazole (20). In 
a round-bottomed flask, 2-(pentafluorophenyl)-5-phenyl-1,3,4-oxadiazole (0.482 g, 1.54 
mmol), carbazole (0.408 g, 2.44 mmol), and potassium carbonate (3.5 g, 25 mmol) were 
placed under vacuum and then under nitrogen. DMSO (10 mL) was added and the 
reaction mixture was stirred overnight at room temperature. The mixture was precipitated 
with water and the crude product was separated via filtration. Column chromatography 
(10% ethyl acetate in hexanes as eluent) yielded the product as a white powder (0.177 g, 
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19%). 1H NMR (500 MHz, CDCl3): δ 8.16 (d, J = 8.0 Hz, 2H), 8.06 (d, J = 8.0 Hz, 2H), 
7.52 (t, J = 8.0 Hz, 2H), 7.44-7.38 (m, 5H), 7.31-7.28 (m, 4H), 7.25 (t, J = 8.0 Hz, 2H), 
7.20 (d, J = 8.0 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H). 13C{1H} NMR (125 MHz, CDCl3): δ 
165.09, 155.69, 152.77 (d, 1JCF
 = 259 Hz), 147.97 (dd, 1JCF = 262 Hz, JCF =16 Hz), 
146.93 (dd, 1JCF = 265 Hz, JCF = 16 Hz) 140.83, 139.46, 131.99, 128.71, 126.76, 126.75, 
126.69, 124.38, 123.95, 122.30, 121.64, 121.35, 121.14, 120.66, 120.58, 119.84 (t, JCF = 
15 Hz), 114.47 (d, JCF = 11 Hz), 114.42, 109.93, 109.07. 
19F NMR (470 MHz, CDCl3): δ 
-120.34 (d, J = 14 Hz, 1F), -131.78 (d, J = 24 Hz, 1F), -131.89 (dd, J = 24 Hz, 14 Hz, 
1F). HRMS (ESI, m/z): Calcd for C38H22N4OF3 [M]
+, 607.1740; Found, 607.1723. Data 
is consistent with published characterization.147 
2-Phenyl-5-(2,4,6-tri(9H-carbazol-9-yl)-3,5-difluorophenyl)-1,3,4-oxadiazole (21) and 
2-phenyl-5-(2,4,5-tri(9H-carbazol-9-yl)-3,6-difluorophenyl)-1,3,4-oxadiazole (22). To 
a round-bottomed flask was added 2-(pentafluorophenyl)-5-phenyl-1,3,4-oxadiazole 
(0.50 g, 1.60 mmol), carbazole (0.803 g, 4.80 mmol), and potassium carbonate (2.20 g, 
16.0 mmol). The flask was evacuated and purged with nitrogen and DMSO (20 mL) was 
added. The reaction mixture was stirred overnight at room temperature. Upon 
completion, the reaction mixture was precipitated with water and the crude product was 
separated via filtration. Column chromatography (silica gel, 10% 
hexanes/dichloromethane as eluent) was performed to yield the higher Rf product 2-
phenyl-5-(2,4,6-tri(9H-carbazol-9-yl)-3,5-difluorophenyl)-1,3,4-oxadiazole as a yellow 
powder, and the lower Rf product 2-phenyl-5-(2,4,5-tri(9H-carbazol-9-yl)-3,6-
difluorophenyl)-1,3,4-oxadiazole as a white crystalline powder. 
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(21). Yield: 0.226 g (19%). 1H NMR (500 MHz, CDCl3):  8.19 (d, J = 2.0 Hz, 2H), 8.11 
(d, J = 8.8 Hz, 4H), 7.58 (t, J = 8.8 Hz, 2H), 7.51 (t, J = 8.0 Hz, 4H), 7.46-7.37 (m, 8H), 
7.33 (t, J = 8.5 Hz, 4H), 7.17 (t, J = 8.0 Hz, 2H), 6.89 (d, J = 8.4 Hz, 2H). 13C{1H} NMR 
(125 MHz, CDCl3):  164.59, 156.65 (t, JCF = 2.5 Hz), 156.41 (dd, 1JCF = 268 Hz, JCF = 5 
Hz), 140.90, 139.49, 131.64, 128.46, 126.67, 126.62, 126.54, 126.35, 124.39, 124.04, 
123.66 (dd, JCF = 14 Hz, JCF = 5 Hz), 122.18, 121.60, 120.69, 119.84 (t, JCF = 15 Hz), 
109.89, 108.96. 19F NMR (470 MHz, CDCl3):  -113.00 (s). HRMS (MALDI, m/z): 
Calcd for C50H29N5OF2 [M]
+, 754.2413; Found, 754.2410. Anal. Calcd for C50H29N5OF2: 
C, 79.67; H, 3.88; N, 9.29. Found: C, 79.75; H, 3.73; N, 9.45. 
(22). Yield: 0.273 g (23%). 1H NMR (500 MHz, CDCl3):  8.12 (d, J = 2.0 Hz, 2H), 
7.80-7.78 (m, 2H), 7.76-7.74 (m, 2H), 7.52 (t, J = 8.5 Hz, 2H), 7.44 (d, J = 8.8 Hz, 2H), 
7.41 (d, J = 8.8 Hz, 1H), 7.35 (t, J = 8.5 Hz, 2H), 7.28 (t, J = 8.0 Hz, 2H), 7.24-7.21 (m, 
4H), 7.15-7.08 (m 10H). 13C{1H} NMR (125 MHz, CDCl3):  165. 05, 156.11 (q, JCF = 
2.5 Hz), 154.22 (dd, 1JCF = 263 Hz, JCF = 3.8 Hz), 153.27 (dd, 
1JCF = 255 Hz, JCF = 3.8 
Hz), 140.76, 138.58, 138.43, 131.91, 128.71, 128.12 (dd, JCF = 14 Hz, JCF = 3.8 Hz), 
128.76, 126.75, 125.73, 125.71, 125.10 (dd, JCF = 15 Hz, JCF = 3.8 Hz), 124.14, 124.13, 
124.05, 122.45, 121.26, 121.15, 121.03, 120.62, 120.04, 120.02, 114.01 (d, JCF = 14 Hz), 
109.91, 109.83, 109.35. 19F NMR (470 MHz, CDCl3):  -111.64 (d, J = 14 Hz, 1F), -
120.54 (d, J = 14 Hz, 1F). HRMS (MALDI, m/z): Calcd for C50H29N5OF2 [M]
+, 
754.2413; Found, 753.2347. Anal. Calcd for C50H29N5OF2: C, 79.67; H, 3.88; N, 9.29. 
Found: C, 79.60; H, 4.00; N, 9.32. 
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2-Phenyl-5-(2,3,4,6-tetra(9H-carbazol-9-yl)-5-fluorophenyl)-1,3,4-oxadiazole (23). A 
solution of 2-(pentafluorophenyl)-5-phenyl-1,3,4-oxadiazole (1.0 g, 3.2 mmol), carbazole 
(2.13 g, 12.7 mmol), and potassium carbonate (7.0 g, 50. mmol) in DMSO (20 ml) was 
stirred at room temperature for 27 h under nitrogen. Water (100 mL) was added and pale 
yellow solid was obtained. The solid product was collected by filtration, washed with 
water. After drying, the crude product was purified by column chromatography using 
dichloromethane/hexane (8:2) as eluent. After removal of solvent, yellow solid was 
dissolved in dichloromethane, methanol (100 mL) was added. Dichloromethane was 
removed and pale-yellow solid was recrystallized from methanol solution. The solid 
product was collected by filtration. After drying under vacuum, the product was obtained 
(1.6 g, 55%). 1H NMR (500 MHz, CDCl3):  8.09 (d, J = 2.0 Hz, 2H), 7.74-7.73 (m, 2H), 
7.62 (d, J = 8.4 Hz, 2H), 7.49-7.44 (m, 4H), 7.39 (d, J = 8.8 Hz, 2H), 7.32-7.27 (m, 3H), 
7.23-7.20 (m, 4H), 7.15-7.06 (m, 8H), 7.03 (t, J = 8.4 Hz, 2H), 6.85-6.80 (m, 4H), 6.73 (t, 
J = 8.0 Hz, 2H). 13C{1H} NMR (125 MHz, CDCl3):  164.30, 157.14 (d, J = 4 Hz), 
156.39 (d, 1JCF = 261 Hz) , 140.95, 139.71, 138.72, 138.12, 136.64 (d, J = 2.5 Hz), 
134.13 (d, J = 4 Hz), 131.47, 129.35 (d, J = 14 Hz), 128.37, 127.16 (d, J = 15 Hz), 
126.95 (d, J = 1 Hz), 126.55, 126.48, 125.61, 125.55, 124.68, 124.14, 124.01, 123.72, 
122.26, 121.04, 120.97, 120.70, 120.56, 120.47, 120.04, 119.54, 110.05, 109.30, 109.28. 
19F NMR (470 MHz, CDCl3):  -113.83 (s). HRMS (MALDI, m/z): Calcd for 
C67H37N6OF [M]
+ 900.3013; Found 900.3005. Anal. Calcd for C67H37N6OF: C, 82.65; H, 
4.14; N, 9.33. Found: C, 82.43; H, 4.08; N, 9.32. 
2-(4-(Tert-Butyl)phenyl)-5-(2,3,4,5,6-penta(9H-carbazol-9-yl)phenyl)-1,3,4-
oxadiazole (24). A solution of 2-(4-(tert-butyl)phenyl)-5-(pentafluorophenyl)-1,3,4-
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oxadiazole (0.20 g, 0.54 mmol), carbazole (0.50 g, 3.0 mmol) and potassium carbonate 
(2.0 g, 14 mmol) in DMSO (10 ml) was stirred at 100 °C for 10 h under nitrogen. After 
cooling to room temperature, water (75 mL) was added and a pale-yellow solid was 
obtained. The solid product was collected by filtration and washed with water. After 
drying, the crude product was purified by column chromatography using 
dichloromethane/hexane (7:3) as eluent. After removal of solvents, the solid was 
dissolved in dichloromethane, methanol (30 ml) was added, dichloromethane was 
removed, and the resulting yellow solid was collected by filtration and dried under 
vacuum (0.55 g, 92%) was obtained. 1H NMR (500 MHz, CDCl3):  7.64-7.61 (m, 4H), 
7.36 (d, J = 8.0 Hz, 4H), 7.30 (d, J = 5.6 Hz, 2H), 7.24-7.20 (m, 10H), 7.08 (d, J = 8.5 
Hz, 2H), 6.97-6.95 (m, 8H), 6.79-6.73 (m, 6H), 6.68-6.65 (m, 6H), 6.61 (t, J = 7.5 Hz, 
2H), 1.22 (s, 9H). 13C{1H} NMR (125 MHz, CDCl3):  164.12, 157.34, 154.83, 139.73, 
139.57, 138.34, 137.95, 137.04, 127.30, 126.30, 125.49, 125.24, 124.37, 124.23, 123.80, 
123.60, 120.49, 120.31, 120.21, 120.02, 119.57, 119.41, 119.31, 110.75, 110.51, 109.38, 
34.86, 30.98. HRMS (MALDI, m/z): Calcd for C78H53N7O 1103.4312 [M]
+; Found 
1103.4295. Anal. Calcd for C78H53N7O: C, 84.84; H, 4.84; N, 8.88. Found: C, 84.65; H, 
4.72; N, 8.91. 
2-(4-(Tert-butyl)phenyl)-5-(2,3,4,5,6-pentakis(3,6-di-tert-butyl-9H-carbazol-9-
yl)phenyl)-1,3,4-oxadiazole) (25). A solution of 2-(4-(tert-butyl)phenyl)-5-
(perfluorophenyl)-1,3,4-oxadiazole (0.50 g, 1.4 mmol), 3,6-di-tert-butylcarbazole (1.9 g, 
6.8 mmol) and K2CO3 (2.0 g, 15 mmol) in DMSO (20 ml) was stirred at 50 °C for 24 h, 
and then at 100 °C for 26 h under nitrogen. After cooling to room temperature, water 
(100 ml) was added and a yellow solid was obtained. The solid product was collected by 
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filtration, washed with water and dried on the filter. The crude product was purified by 
column chromatography (silica gel) using dichloromethane/hexane (4:6) as eluent. After 
removal drying in vacuo, the product was recrystallized from dichloromethane/methanol 
and the yellow solid was collected by filtration. After drying under vacuum, the product 
was obtained as a yellow powder (1.8 g, 78 %). 13C{1H} NMR (125 MHz, CDCl3): δ 
163.74, 157.79, 154.47, 142.67, 142.58, 142.50, 139.99, 138.52, 137.85, 137.55, 137.28, 
137.11, 126.67, 126.37, 124.90, 124.18, 124.11, 124.02, 122.93, 122.04, 121.97, 120.02, 
115.69, 114.90, 114.88, 110.22, 110.11, 109.03, 34.81, 34.37, 34.25, 31.78, 31.76, 30.99. 
HRMS (MALDI, m/z): Calcd for C118H133N7O [M]
+ 1664.0572; Found 1664.0618. Anal. 
Calcd for C118H133N7O: C, 85.10; H, 8.05; N, 5.89. Found: C, 85.08; H, 8.05; N, 5.77. 
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Thermogravimetric analysis of compound 3 (a), 16 (b), 17 (c), and 20 (d) with 5% 











Thermogravimetric analysis of compound 21 (a), 22 (b), 23 (c), and 24 (d) with 5% 













Cyclic voltammograms of 3 (a) and 20 (b) vs. ferrocene internal standard. Reductive 












Cyclic voltammograms of 21 (a) and 22 (b) vs. ferrocene internal standard. 











Cyclic voltammograms of 23 (a) and 24 (b) vs. ferrocene internal standard. 





3.5.4 Chemical Structures of Compounds in OLED Devices 
 
3.5.5 13C{1H} NMR Spectra 
 
Figure 53 – 13C{1H} NMR spectrum (100 MHz, CDCl3) of compound 2. 
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Figure 54 – 13C{1H} NMR spectrum (100 MHz, CDCl3) of compound 6. 
 
Figure 55 – 13C{1H} NMR spectrum (100 MHz, CDCl3) of compound 10. 
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Figure 56 – 13C{1H} NMR spectrum (125 MHz, CDCl3) of compound 12. 
 




CHAPTER 4. THERMALLY ACTIVATED DELAYED 
FLUORESCENCE IN DONOR-ACCEPTOR FLUOROPHORES 
COMPRISED OF 2-METHYL-5-PHENYL-1,3,4-OXADIAZOLE 
AND 9H-CARBAZOLE 
 For a compound to display efficient thermally activated delayed fluorescence 
through the most commonly understood RISC mechanism (see Equation 21) the ΔEST of 
the compound must be small, on the order of 0.1 eV or less. This places a limitation on a 
D-A fluorophore that the energy of the ground state to CT transition must be 
approximately equivalent to, or lower than, that of the 3LE of both the donor and acceptor 
moieties in the compound. Fluorophores that contain 2,5-diphenyl-1,3,4-oxadiazole as 
the acceptor are inherently limited by the 3LE of the three coplanar rings, which display a 
dihedral angle between the 1,3,4-oxadiazole and phenyl rings of ca. 1.5°.149 As seen in 
CHAPTER 3, this energy in a simple donor-acceptor compound is at approximately 2.7-
2.8 eV, and it follows that the 1CT energy must be approximately 2.8-2.9 eV for TADF to 
be realized. This limitation provides a boundary for the emission color of the resulting 
fluorophores that is red shifted from true blue emission, which exhibits a dominant 
wavelength at 445-450 nm (2.76-2.78 eV). Compound 2-(4-(9,9-dimethylacridin-10(9H)-
yl)-3,5-difluorophenyl)-5-phenyl-1,3,4-oxadiazole (17) is one such compound that 
displays TADF. The singlet energy of ca. 2.88 eV results in a fluorescent emission with a 
λmax of 490 nm that, when incorporated as the emitter in an OLED device, displays a 
green-blue emission with chromaticity (CIE x,y) of 0.22, 0.46. 
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 While the conjugation across the three rings of DPO can be broken through 
appropriate substitution patterns, increasing the energy of the 3LE increased as shown in 
Figure 32, this approach has the trade-off of reducing the rate of fluorescence, and the 
dependent photoluminescent quantum yield, by an order of magnitude or more, as shown 
in Figure 58. For example, 2-(4-(9H-carbazol-9-yl)phenyl)-5-phenyl-1,3,4-oxadiazole (1) 
has a triplet energy of 2.74 eV with a PLQY of 0.92 and a kfl of 4.3  10
8 s-1 (in dil. 
toluene solution). While the triplet energy of 2-(2-(9H-carbazol-9-yl)phenyl)-5-phenyl-
1,3,4-oxadiazole (9) is increased to 2.82 eV, the PLQY is reduced to 0.18 due to an order 
of magnitude decrease in the kfl to 3.5  10
7 s-1. Pushed to the furthest degree, the triplet 
energy is increased to 3.02 eV in 2,5-bis(2,6-bis(3,6-di-tert-butyl-9H-carbazol-9-
yl)phenyl)-1,3,4-oxadiazole (19), leading to true blue emission alongside thermally 
activated delayed fluorescence, but with a prompt fluorescence PLQY further reduced to 
ca. 0.02 due to a suppressed fluorescent decay rate of kfl of 7.1  10
6 s-1. 
An alternative approach would be to decrease the conjugation across the three 
rings of DPO by simply removing one of the rings. In 2-methyl-5-phenyl-1,3,4-
oxadiazole, one of the phenyl groups of DPO is replaced with a methyl group. The 
resulting methyl-phenyl-oxadiazole still contains the electron poor 1,3,4-oxadiazole 
functionality but with two conjugated, coplanar rings instead of three. The decreased 
conjugation is anticipated to affect the energy of the HOMO and LUMO, the latter of 
which is of key importance to the role of the moiety as an acceptor in D-A fluorophores. 
Furthermore, increasing the HOMO-LUMO gap would increase the energy both the LE 
singlet and triplet states, and provide an increased 3LE energy, possibly allowing for blue 
fluorescent emission with concomitant TADF. 
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Figure 58 – Fluorescence decay rate (kfl) and photoluminescent quantum yield (φfl) 
of prompt fluorescence of some CzDPO compounds versus their triplet energy as 
estimated from phosphorescence. Lines are included to guide the eye.  
4.1 Synthesis and Characterization of 2-methyl-5-phenyl-1,3,4-oxadiazole 
The unsubstituted 2-methyl-5-phenyl-1,3,4-oxadiazole (MPO) was prepared from 
benzhydrazide and triethyl orthoacetate to probe the properties of the acceptor before it 
was incorporated into donor-acceptor fluorophores. Cyclic voltammetry was performed 
on the compound and compared to that of 2,5-diphenyl-1,3,4-oxadiazole to gain an 
understanding of the acceptor strength of the compound. The reductive scan is shown in 
Figure 59, left, referenced against an internal standard of ferrocene. Neither MPO or DPO 
showed reversible reduction in the experiment, and the reduction potential were estimated 
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from the onset at a scan rate of 50 mV s-1. DPO displayed a reduction potential of 2.49 V 
vs. Fc/Fc+. Exclusion of the second phenyl ring makes MPO comparatively more difficult 
to reduce, with the reduction occurring at 2.71 V vs. Fc/Fc+. The decreased reduction 
potential of 0.22 V of MPO shows that the moiety can be expected to act as a weaker 
electron acceptor when incorporated into a D-A compound than DPO. 
 
Figure 59 – (left) Cyclic voltammetry of 2,5-dimethyl-1,3,4-oxadiazole and 2-methyl-
5-phenyl-1,3,4-oxadiazole. Reductive scan performed in THF with Fc/Fc+ internal 
standard referenced to 0 potential. (right) Thermogravimetric analysis of 2,5-
dimethyl-1,3,4-oxadiazole and 2-methyl-5-phenyl-1,3,4-oxadiazole. 
 In CHAPTER 3, the energy of the 3LE state of the oxadiazole was found to be of 
key importance to controlling the triplet energy and the ΔEST of the fluorophores. To gain 
an understanding of how the LE triplet energy of the MPO acceptor differed from that of 
DPO, phosphorescence spectra were collected and are shown in Figure 60. The λmax is 
blue shifted from 504 nm for DPO to 434 nm for MPO, and the energy of the onset 
increases by ca. 0.12 eV, from 3.17 to 3.29 eV, when the phenyl group is substituted with 
methyl. While the energy of the 3LE of MPO in a donor-acceptor compound may not be 
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perfectly represented by that of the isolated acceptor, the energy is certainly increased in 
MPO versus that in DPO. 
 
Figure 60 – Phosphorescence spectra of 2-methyl-5-phenyl-1,3,4-oxadiazole (MPO) 
and 2,5-diphenyl-1,3,4-oxadiazole (DPO) in 2-methyltetrahydrofuran matrix (77 K, 
500 μs delay between excitation and data acquisition). 
Finally, the thermal stability of acceptor was examined via thermogravimetric 
analysis (TGA), as shown in Figure 59, right. DPO is known to have good thermal 
stability, and here was seen to have a thermal decomposition temperature (Td), defined by 
5% weight loss in the TGA trace, of 257 °C. In MPO, the replacement of a phenyl group 
with a methyl resulted in a decreased Td of 185 °C. Thus, D-A compounds exploiting 
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MPO as the acceptor may be expected to display lower thermal stability than their DPO 
analogues. 
4.2 Fluorophores Exploiting MPO Acceptor Moieties 
As in CHAPTER 3, a series of compounds containing MPO as the acceptor moiety 
was synthesized, and their photophysical properties were characterized in order to gain an 
understanding of the transitions relevant to designing MPO fluorophores that display 
TADF. The insights gained in the previous chapter provide us certain guidelines in this 
related class of compounds. A direct comparison between similar DPO and MPO based 
compounds will be the starting point for examining in what ways the structural 
differences change the properties of the resulting fluorophore and in what ways they 
remain similar. 
In CHAPTER 3, compounds were compared to the parent CzDPO compound 1 as 
a reference for how structural variation affected the photophysical properties of the 
resulting fluorophore. The parent MPO containing fluorophore is the analogous 
compound 26, 2-(4-(9H-carbazol-9-yl)phenyl)-5-methyl-1,3,4-oxadiazole. Before the 
MPO compounds are examined, it is worth comparing the DPO- and MPO-containing 
parent compounds directly. The absorption and fluorescence spectra in toluene solution 
and the phosphorescence spectra in toluene matrix at 77 K of the compounds were 
collected and are shown in Figure 61 plotted against energy. 
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Figure 61 – (top) Structure of CzDPO parent compound 1, and CzMPO parent 
compound 26. (bottom) Absorption and photoluminescence spectra of compounds 
plotted against energy. Absorption and fluorescence spectra collected in toluene 
solution (ca. 10-5 M) at room temperature, phosphorescence spectra collected in 
toluene matrix at 77 K with a 500 μs delay between excitation and detection.  
 Immediately apparent is that the spectra of the CzMPO 26 compound look 
strikingly like blue shifted spectra of the CzDPO 1 (dashed lines). The absorption spectra 
each show a peak at ca. 3.65 eV (341 and 338 nm, respectively) corresponding to π-π* 
transitions on the carbazole moiety. A broad, featureless absorption peak attributed to the 
CT absorption is superimposed on the carbazole π-π* absorption of 1 but is blue shifted 
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in the absorption spectra for compound 26, displaying a λmax at 328 nm. This is mirrored 
in the fluorescence spectrum, which also displays the broad, structureless line shape of a 
CT transition, as the λmax blue shifts from 382 nm in the DPO compound to 371 nm in the 
MPO compound. The adiabatic singlet state energy, again estimated from the high energy 
onset, increases from 3.47 eV in 1 to 3.59 eV in 26. Since the donor carbazole moiety is 
unchanged, the increase in the CT transition energy of 0.12 eV is attributed to the 
increase in the LUMO energy of the compound, as seen in the cyclic voltammetry where 
a ca. 0.22 eV increase in the LUMO energy, as estimated from the reduction potential, 
was observed. 
 While the fluorescence spectra are attributed to donor-acceptor charge transfer 
states, likely between configurations well described by the HOMO and the LUMO, as 
was established in Section 3.2.1 the triplet state of the CzDPO compounds studied thus 
far have been LE states localized on the DPO moiety. The phosphorescence spectrum of 
the CzMPO compound 26, like the absorption and fluorescence spectra discussed before, 
largely resembles that of compound 1 but is blue shifted. In compound 1, the vibronic 
structure was attributed to the LE character of the transition. In compound 26, the same 
vibronic structure is attributed to the same cause, a triplet state characterized as a LE on 
the oxadiazole donor moiety. Importantly, the triplet energy is estimated to be 2.86 eV in 
compound 26, 0.12 eV higher than in compound 1. This is the same increase in energy as 
is seen in an isolated MPO compound as compared to its DPO analogue, as was shown in 
Figure 60. Taken in whole, compound 26 displays much the same absorption and 
photoluminescent properties as compound 1, but with the intramolecular CT state and the 
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lowest energy 3LE state ca. 0.12 eV higher in energy, consistent with a higher energy 
LUMO orbital and triplet state in MPO than in comparison to DPO. 
4.2.1 Adiabatic Singlet and Triplet Energies of CzMPO Fluorophores 
 
Figure 62 – CzMPO compounds synthesized and characterized with variety of 
connectivity between donor and acceptor and different donor strengths. 
The photoluminescent properties of compounds 26-31, shown in Figure 62 and 
synthesized in collaboration with Dr. Yadong Zhang, which are regioisomers of the 
simplest donor-acceptor fluorophores comprised of MPO and Cz (carbazole) or tCz 
(triscarbazole), were collected in dilute toluene solution (ca. 10-5 M) and are summarized 
below in Table 12. In all cases, the fluorescence spectra displayed the expected broad, 
structureless line shape consistent with a CT transition. Additionally, the 
phosphorescence spectra retain the vibronic structure, attributed to a 3LE state, seen in the 
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DPO compounds. While the triplet energy in the fluorophores reported here have 
increased ca. 0.1-0.2 eV over their DPO counterparts, they are still below that of an 
isolated carbazole, reported at 3.05 eV.107 The estimated ΔEST values in these compounds 
range from 0.35-0.73 eV. In sum, the fluorophores exploiting MPO as the acceptor 
broadly mirror their DPO counterparts with regards to the energy and vibronic structure 
of their absorption and photoluminescence spectra. 
Table 12 – Tabulated steady-state absorption and photoluminescence data of simple 
CzMPO compounds. Absorption and fluorescence data collected in toluene solution 
(ca. 10-5 M) at room temperature. Phosphorescence collected in toluene matrix at 77 
K with 500 μs delay between excitation and data acquisition. 
Compound 
  
Absorption Fluorescence Phosphorescence ΔEST 







26 288, 329, 338 371 3.59 444, 478 2.86 0.73 
27 293, 326, 339 379 3.59 426, 458 2.95 0.64 
28 293, 324, 337 388 3.49 468 2.97 0.53 
29 288, 329, 341 383 3.40 444, 479 2.86 0.53 
30 294, 327, 341 382 3.40 426, 457 2.97 0.41 
31 294, 329, 343 420 3.38 457 3.05 0.35 
 The absorption and photoluminescence of the donor-acceptor fluorophores 
containing MPO as the acceptor suggest that the orbital character of the relevant singlet 
and triplet states can be understood analogously to those established for the fluorophore 
containing DPO as the acceptor, and that the same strategies for affecting the singlet and 
triplet energy, and their resultant effects on the ΔEST and fluorescence efficiency, would 
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be operative for both types of fluorophore. If this is true, then similar structural changes 
to the fluorophore should result in similar changes to the energy of the singlet and triplet 
states. Figure 63 shows the singlet and triplet energy of analogous MPO and DPO 
compounds, as estimated from their high energy photoluminescence onsets, as a function 
of connectivity (as in Figure 30). The similarity between the trends is immediate 
apparent, and the triplet energies show a monotonic increase as steric hindrance between 
the oxadiazole and the phenylene increases providing further evidence of the 3LE 
character of the T1 state located on the acceptor moiety. The trend in the singlet energy is 
less simple, but also mirrors that for the DPO analogues and is attributed to the 
mesomeric effect as described in Section 3.3.1. 
 
Figure 63 – Singlet and triplet energy, as estimated from the high-energy emission 
onset, of analogous fluorphores containing carbazole (Cz, left) and triscarbazole 
(tCz, right) donors paired with diphenyloxadiazole (DPO, dashed line) and 
methylphenyloxadiazole (MPO, solid line) as a function of phenylene connectivity 
between the carbazolyl and oxadiazole groups. Lines are included as guides for the 
eye. 
 Comparing the two charts to one another allows for a comparison on donor 
strength, as in Figure 29. The singlet energy of the MPO fluorophores containing the Cz 
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acceptor are, in each case, ca. 0.10 eV higher in energy than the fluorophores containing 
tCz. For example, the parent CzDPO compound 26 has an estimated singlet energy of 
3.59 while analgous tCzMPO compound 29 is red shifted to 3.40 eV, due to the higher 
donor strength of the tCz donor. The triplet energy, on the other hand, is not sensitive to 
the energy of the CT transition and differs by a negligible amount between the two 
compounds, with an estimated energy of 2.86 eV. In total, the orbital nature of the MPO 
containing fluorophores can be understood under the same framework established for the 
DPO compounds, but with a weaker acceptor leading to a blue shifted fluorescence and a 
higher energy triplet state consistent with a locally excited state found on the oxadiazole 
acceptor moiety.  
4.2.2 Fluorescence Decay Rates in MPO Containing Fluorophores 
In addition to minimizing the ΔEST
 through modulation of the singlet and triplet 
energy of a fluorophore, having a high fluorescence decay rate is necessary for a 
compound to act as an effective emitter for high efficiency OLEDs. Compound 19, for 
example, displays a small ΔEST and measurable TADF, concomitant with true blue 
emission. However, this came at the expense of a very low fluorescent decay rate of ca. 7 
 106 s-1 and a resultant PLQY of approximately 0.02 in solution. 
To assess the fluorescence efficiency of the compounds, absolute 
photoluminescent quantum yield and fluorescent lifetime in air equilibrated toluene 
solution at room temperature were collected for each. This data is presented in Table 13, 
below. The PLQY of the para substituted fluorophores displayed high PLQY values of 
0.93 and 0.70 for the CzMPO and the tCzMPO compounds 26 and 29, respectively. This 
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compares well with the equivalent DPO fluorophores 1 and 46 (0.90 and 0.99, 
respectively). The high PLQY can be attributed to the high fluorescent decay rates, on the 
order of 108 s-1, for the compounds. The fluorophores with meta and ortho connectivity 
display lower PLQYs due to their ca. 10 times lower rates of fluorescence than the para 
bridged compounds. This is attributed to the mesomeric effect, as was described in 
Section 3.2.2, where substitution of a donor in the 3- position is expected to lead to a 
HOMO with minimal spatial overlap with the LUMO, of which the highest coefficients 
on the phenylene would be in the 2-, 4-, and 6- positions relative to the π-electron 
withdrawing oxadiazole. Substitution in the 2-position likely leads to a twisting of both 
the carbazole and the oxadiazole relative to the bridging phenylene, increasing the 
orthogonality of the carbazole localized HOMO and the oxadiazole localized LUMO and 
thus decreasing the overlap between them. In both cases, the decreases HOMO-LUMO 
overlap would lead to a decrease in the transition dipole moment relative to the para 
substituted fluorophore, as shown in Equation 7, and thus the rate of fluorescence and the 
PLQY. 
Overall, the physical properties of an isolated MPO can be understood as being 
similar to those of DPO but affected by the decreased conjugation due to the elimination 
of the second phenyl group. This raises the energy of the LUMO, as evidenced by the 
reduction potential (ca. 0.22 V more difficult to reduce than DPO), and increases the 
energy of the 3LE state ca. 0.12 eV according to the phosphorescence spectra, but the 
compound displays lower thermal stability with a Td ca. 72 °C lower than that of DPO. 
When incorporated into a donor-acceptor fluorophore with a carbazolyl donor, the MPO 
containing compounds display a similar intramolecular charge-transfer singlet state and 
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locally excited triplet state to the DPO containing compounds, but at ca. 0.10 eV higher 
energy, and the fluorescence decay is not appreciably quenched or enhanced in the MPO 
compounds versus their DPO analogues. Thus, the 2-methyl-5-phenyl-1,3,4-oxadiazole 
can be used to design fluorophores with higher energy luminescence but otherwise 
similar photophysical properties to 2,5-diphenyl-1,3,4-oxadiazole containing 
fluorophores. 
Table 13 – Fluorescence quantum yield (Φfl), fluorescent lifetime (τfl), and rate of 
fluorescence (kfl) of simple carbazole-oxadiazole compounds. Data collected in air 
equilibrated toluene solution (ca. 10-5 M) at room temperature. 
Compound Φfl 
τfl kfl 
/ns /107 s-1 
26 0.93 3.00 31.0 
27 0.07 4.91 1.56 
28 0.21 4.50 4.28 
29 0.70 3.95 17.7 
30 0.10 4.85 2.22 
31 0.25 4.50 5.15 
4.3 Designing MPO Containing Fluorophores that Exhibit TADF 
In CHAPTER 3, strategies were developed that specifically targeted methods for 
decreasing the ΔEST of fluorophores incorporating DPO acceptor moieties based on the 
orbital nature of the relevant singlet and triplet states. Namely, pushing the energy of the 
singlet state down or pushing the energy of the triplet state upwards, which could be done 
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largely independently of one another using specific approaches. These approaches were 
predicated on the understanding that the singlet and triplet transitions arose from distinct 
molecular orbitals such that structural changes designed to affect one may not have a 
large effect on the other. In section 4.2, it was demonstrated that similar fluorophores 
incorporating MPO as the acceptor behave in much the same way; that the orbital picture 
developed for the DPO compounds was valid for these compounds as well. 
In this section, fluorophores containing the MPO acceptor that exhibit TADF will 
be designed using the previously gained insights from this thesis. The similarity of the 
photophysical properties of the MPO fluorophores to the analogous DPO fluorophores, 
shown above in compounds 26-31, imply a similar orbital nature such that the same 
structural approaches should work for the same reasons. 
4.3.1 2-Trifluoromethyl-5-phenyl-1,3,4-Oxadiaozle Containing Fluorophores 
Decreasing the ΔEST from that displayed in the above compounds is necessary to 
develop MPO fluorophores exhibiting TADF. Incorporation of fluorine as an 
electronegative, monovalent atom in place of a phenyl hydrogen to decrease the energy of 
the CT state was demonstrated in Section 3.2.1, where it was shown to stabilize the S1 by 
ca. 0.15 eV in the difluoro compound 2 and by ca. 0.23 eV for the tetrafluoro compound 
3 relative to that of 1. In compound 33, fluorine atoms instead replace the non-conjugated 
methyl hydrogen atoms to yield the trifluoromethyl compound 2-(4-(9H-carbazol-9-
yl)phenyl)-5-(trifluoromethyl)-1,3,4-oxadiazole. Trifluoromethyl groups have been 
included as electron withdrawing substituents in phosphorescent150-153 and thermally 
activated delayed fluorescent136, 154 emitters to stabilize LUMO energy and increase 
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acceptor strength. Here, the same outcome is expected. Compound 34 further 
incorporates two additional carbazolyl groups in the 3- and 5-poisitions. This should 
further stabilize the LUMO by acting as a σ-electron withdrawing group and while at the 
same time maintain the higher energy 3CT states of MPO that may, depending on the 
energy and nature of the T1, facilitate reverse intersystem crossing.
147 
 
Figure 64 – Structures of trifluoromethyl containing CzMPO fluorophores studied. 
 Absorption and photoluminescence data were collected on the compounds in 
toluene solution, and the photoluminescence spectra are shown in Figure 65. The 
fluorescence of each compound shows the spectral line shape consistent with a charge 
transfer transition. The fluorescence was redshifted from λmax of 371 nm in compound 26 
to 405 nm in 33 by the inclusion of the trifluoromethyl group. The singlet energy was 
stabilized by 0.25 eV as estimated by the high energy onset of fluorescence. This 
stabilization is larger than was provided by four fluorine atoms attached to the bridging 
phenylene group (see DPO compounds 1 vs. 3). This is attributed to fluorine, while being 
a strong inductively withdrawing group, acting as a weak π-electron donor on a benzene 
ring but acting purely as an electron acceptor when included in a aliphatic group. On the 
other hand, the phosphorescence spectra are effectively unchanged between the methyl 
and trifluoromethyl containing fluorophores, with high energy onsets found at 2.86 and 
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2.84 eV, respectively. This leads to a net decrease in the ΔEST from 0.73 eV in 26 to 0.50 
eV in 33, due to a stabilization of the charge-transfer state due to the electron-
withdrawing trifluoromethyl group. 
 
Figure 65 – Fluorescence and phosphorescence spectra of compounds 26, 33, and 34 
in dilute toluene solution or toluene matric (77 K), respectively. 
 In compound 34, the addition of two additional donors in the 3- and 5-positions 
further decreases the energy of the CT transition by stabilizing the LUMO via the σ-
electron withdrawing of the electronegative nitrogen atom in addition to any increase in 
the HOMO energy provided by the high energy orbitals of the donor systems. As a result, 
the fluorescence is further red shifted from that of 33, with a λmax of 467 nm and an 
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estimated singlet 0.36 eV lower in energy (2.98 eV). With the phosphorescence spectrum 
showing that the triplet state is, again, largely unchanged, the resulting estimated ΔEST of 
0.18 eV is on the high side of where thermally activated delayed fluorescence may be 
observed. The absorption and photoluminescence data for compounds 33 and 34 are 
collected in Table 14. The compounds both show significantly decreased PLQY from that 
of compound 26, with the PLQY compound 33 determined to be 0.30 and 0.20 for 34.  
Table 14 – Absorption and photoluminescence properties of compounds 33 and 34 
in dilute toluene solution or toluene matrix (77 K). 
Compound 
  
Absorption Fluorescence Phosphorescence ΔEST 







33 286, 341 405 3.34 447, 481 2.84 0.50 
34 294, 329, 343 467 2.98 458, 492 2.81 0.18 
 While a delayed fluorescent component was not seen in the fluorescent transient 
of compound 34, the PLQY of the compound in toluene solution was seen to increase 
from 0.20 to 0.30 upon minimization of triplet quenching oxygen in solution. Figure 66, 
left, shows the increase in intensity in the steady state photoluminescence of the 
compound before and after sparging with nitrogen. On the right is the steady state 
photoluminescence and the matching photoluminescence when observed 50-100 μs after 
excitation with a flash lamp (data collected 100 μs after excitation but the flash lamp 
decay lasts ca. 45 μs). Taken together, the data suggests the fluorophore contains a triplet 
state that can only very slowly reverse intersystem crossing, due to the relatively the large 
ΔEST of 0.18 eV, but nevertheless exhibits TADF. 
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Figure 66 – Evidence of TADF in 34. (left) Steady-state photoluminescence before 
and after sparging a ca. 10-5 M solution in toluene with nitrogen to minimize oxygen. 
(right) Steady state photoluminescence, attributed to prompt fluorescence, and 
photoluminescence collected 100 μs after excitation with a flash lamp, attributed to 
thermally activated delayed fluorescence. 
 An OLED device was fabricating utilizing compound 34 as the emitter doped in a 
DPEPO host to evaluate the electroluminescent properties of the compound and to 
potentially provide additional insight into the ability of the compound to upconvert triplet 
excitons into emissive singlets. Device fabrication was performed by Xiaoqing Zhang, in 
the laboratory of Prof. Bernard Kippelen. The device structure, shown below in Figure 
67(a), was as follows: glass/ITO/MoO3 (15 nm)/Poly-TriCZ (80 nm)/DPEPO: 17 (25 
nm, 25 wt.%)/TP3PO(4 nm)/TPBi(50 nm)/LiF(1 nm)/Al(50 nm)/Ag(100 nm). Chemical 
structures of the organic materials used are shown in Section 4.5.2. The typical OLED 
active area was 3.0 × 3.0 mm2. All thermal vacuum depositions were performed at 




Figure 67 – (a) Device structure, (b) electroluminescence (EL) spectrum, (c) current-
voltage-luminance (J-V-L) characteristics and (d) external quantum efficiency of 
OLED device containing 34 as the emitter. 
 The electroluminescence spectrum, shown in Figure 67(b), has a λmax of 488 nm 
which is 22 nm red shifted from that of the photoluminescence and corresponds to a sky-
blue emission. Current-voltage-luminance (J-V-L) characteristics are shown in Figure 
67(c). The turn-on voltage for the device, defined as the voltage required at 10 cd/m2, was 
4.1 V, and displayed a power efficiency of 21.0 cd/A under a bias 5 V. The external 
quantum efficiency (EQE) vs. luminance is shown in Figure 67(d), and the EQEmax of the 
device was found to be 13.9%, ca. 3 times higher than the 5% theoretical limit of a purely 
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device employing a purely fluorescent emitter and demonstrating that triplet 
upconversion is occurring in the device, which is consistent to thermally activated 
delayed fluorescence observed for the emitter 34. It is worth noting that the theoretical 
limit of a device in which triplet-triplet annihilation upconversion occurs with 100% 
efficiency is 12.5-18.75% (depending on outcoupling efficiency of 20-30%). The 
fluorescence quantum yield of compound 34 is 0.51 in a thin film (12.5 wt% in DPEPO, 
under a stream of nitrogen) which would preclude such efficiency values through a 
triplet-triplet annihilation mechanism in this device, as the EQEmax would be ca. 9.4% 
assuming no TADF. The device shows significant efficiency roll-off at increased 
luminance and displays an EQE of 2.1% at 1,000 cd/m2; this is attributed to the relatively 
large ΔEST for the TADF emitter and resultant slow RISC.
135 
4.3.2 Pentacarbazolyl-MPO Fluorophores 
The developed in CHAPTER 3 emitters that resulted in the highest efficiency 
OLED devices combined five carbazolyl donors with the diphenyloxadiazole acceptor. 
The compounds 24 and 25 exhibited sky-blue emission with estimated ΔEST of 0.12 and 
0.01 eV, respectively. The low ΔEST of each compound led to fast reverse intersystem on 
the order of 104-105 s-1 and, when incorporated as the emitter in OLEDs, efficient devices 
with EQEmax values over 20%. Their MPO analogues are compounds 35 and 36, and it 
was expected that they would retain the excellent TADF properties of 24 and 25 while 
blue shifting the emission profile of an OLED incorporating them as the emitter. 
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Figure 68 – Chemical structure of compounds 35 and 36. 
 The photoluminescent emission of the compounds is shown in Figure 69, where 
the structureless fluorescent emission is blue shifted from the spectra of the analogous 
DPO fluorophores, due to the decreased acceptor strength of the MPO moiety. The 
assignment of the fluorescence to an ICT state is confirmed by the sensitivity of the 
emission concomitant with the insensitivity of the absorption to the solvent polarity (see 
Section 4.5.3). Compound 35 displays a fluorescence λmax of 466 nm and an onset of 2.98 
eV, compared to 482 nm and 2.93 eV in the DPO compound 24. Likewise, the tCz5MPO 
compound 36 displays a fluorescence λmax of 485 nm and an onset of 2.90 eV, compared 
to 496 nm and 2.84 eV in the DPO compound 25. The phosphorescence spectra are 
similar, and show onset energies of 2.86 and 2.87 eV, respectively. The spectral line 
shape of the phosphorescent emission, with peaks separate by 1300-1400 cm-1, suggests 
the dominant vibronic coupling is to high-energy stretching modes, consistent with 
suppressed rotational relaxations due to the steric crowding around the donor and 
acceptor groups. Absorption and photoluminescence data are collected in Table 15. 
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Figure 69 – Fluorescence and phosphoresce spectra of 35 and 36. Fluorescence 
collected in dilute toluene solution at room temperature, phosphorescence spectra 
collected in toluene matrix at 77 K with 500 μs delay between excitation and data 
collection. 
 Compound 35 displays an estimated ΔEST of 0.12 eV, the same as for the 
corresponding DPO compound despite the bluer fluorescent emission. The red shifted 
fluorescent emission due to the stronger tCz donors of compound 36 decreases the ΔEST 
to ca. 0.03 eV. The transient photoluminescence (Figure 70) data in toluene solution 
show the biexponential decay characteristic of TADF emitters. The delayed fluorescent 
lifetimes of the compounds were, in fact, significantly shorter than those of the analogous 
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DPO compounds. The CzMPO compound 35 displayed a τDF of 11.0 μs (versus 62.8 μs 
for 24), while the tCzMPO compound 36 had a τDF of 8.0 μs (versus 62.8 μs for 25). 
 
Figure 70 – Transient photoluminescence of compounds 35 and 36. (left) Collected 
in dilute toluene solution after sparging with N2 to minimize oxygen, (right) 
Collected in thin film of fluorophore (12.5 wt.%) dispersed into DPEPO host matrix. 
Absolute photoluminescent quantum yield was determined for the compounds 
toluene solution and is tabulated in Table 16. The prompt fluorescence in both 
compounds show low PLQYs of 0.08, with significantly enhanced emission upon 
minimization of triplet quenching oxygen by sparging with nitrogen; the total PLQY 
increases to 0.21 and 0.30 for 35 and 36, respectively. The sterically crowded nature of 
the fluorophores prevents particularly large oscillator strengths for the CT transitions, 
which is reflected in the low rate of fluorescence which was calculated to be 3.5  106 
and 3.9  106 s-1, respectively. Overall, the prompt fluorescent properties of the 
compounds were very similar, with the largest difference being in the singlet energy as 
discussed above. 
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Table 15 – Tabulated absorption and photoluminescence data for compounds 35-36. 
Compound 
  
Absorption Fluorescence Phosphorescence ΔEST 







35 285, 333 466 2.98 416 2.86 0.12 
36 340 485 2.90 448 2.87 0.03 
 Turning our attention to the delayed fluorescent properties of the compounds, the 
effect of the decreased ΔEST in compound 36 is apparent. The 𝛷DF is almost doubled 
from 0.13 to 0.22 with a concomitant decrease in the τDF of 38% from 11.0 to 8.0 μs, in 
comparing compound 35 to 36. The reverse intersystem crossing rate can be calculated 
from Equation 27, providing the triplet yield is known. In this case, upper and lower 
bounds for kRISC can be established by estimating the φISC using Equation 28 and 29, 
respectively. For reference, the reverse intersystem crossing rate of a compound showing 
fast RISC, the archetypal TADF emitter 4CzIPN, of 2.7  106 s-1 with a ΔEST of ca 0.08 
eV.54, 155 Compound 35 shows exhibits a comparably fast reverse intersystem crossing 
with a kRISC of ca. 2.1  10
6
 s
-1. Compound 36, with a ΔEST ca. 100 meV lower, 
undergoes reverse intersystem crossing at twice the rate, with a kRISC of ca. 4.2  10
6 s-1. 
Finally, OLEDs fabricated using the compounds 35 and 36 as the emitter doped in 
a DPEPO host to were used to evaluate the electroluminescent properties of the 
compounds and to potentially provide additional insight into the ability of the compound 
to upconvert triplet excitons into emissive singlets. Device fabrication was performed by 
Xiaoqing Zhang, in the laboratory of Prof. Bernard Kippelen. 
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Table 16 – Photoluminescent quantum yields, fluorescence lifetimes, and important 
rates for compound 35-36 in toluene solution. 
Compound 
  
PLQY Lifetime kfl kRISC ΔEST 
ΦPF; ΦDF τPF /ns τDF /μs /10
7s-1 /104 s-1 /eV 
35 0.08; 0.13 2.80 11.0 0.35 160-240 0.12 
36 0.08; 0.22 3.10 8.0 0.39 370-470 0.03 
The device structure, shown below in Figure 71 – (a), was as follows: glass/ITO/ MoO3 
(15 nm)/Poly-TriCZ (80 nm)/DPEPO: 17 (25 nm, 25 wt.%)/TP3PO(4 nm)/ TPBi(50 
nm)/LiF(1 nm)/Al(50 nm)/Ag(100 nm). Chemical structures of the organic materials used 
are shown in Section 4.5.2. The typical OLED active area was 3.0 × 3.0 mm2. All thermal 
vacuum depositions were performed at pressures below 1.0 × 10-7 Torr. In contrast to the 
photoluminescence spectra, the EL spectra of the OLEDs fabricated using the 
compounds, shown in Figure 71(b), do not display emission color that is substantially 
blue shifted from those fabricated using the analogous DPO based emitters. The device 
using the emitter 35 and the device using 36 each displayed sky-blue emission with 
chromaticity CIE (x,y) values of 0.15, 0.31 and 0.15, 0.34, respectively. 
The current-voltage-luminance properties of the OLEDs are shown in Figure 71 
(c) and the external quantum efficiencies as a function of luminance are shown in Figure 
71 (d). The OLED containing compound 35 showed an EQEmax of 15%, corresponding to 
an internal quantum efficiency of 50-75 % (based on an outcoupling efficiency of 0.20-
0.30), matching well with the PLQY of a thin film of the 35 doped into a DPEPO host 
(12.5 wt.%, measured under a stream of nitrogen), which was determined to be 0.51, and 
confirming that triplet excitons are being exploited to emit light. 
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Figure 71 – (a) Device structure; (b) Electroluminescence (EL) spectra, (c) Current-
voltage-luminance (J-V-L) characteristics, and (d) EQE of devices containing 
compounds 35 or 36 as the emitter. 
Compound 36 showed a higher PLQY (0.81) when doped into a DPEPO host (12.5 wt.%) 
and measured under a stream of nitrogen than 35. This is reflected in the EQE of the 
OLED using the device as the emitter, which displayed a maximum of 23%. This 
increased PLQY, and resultant increase in OLED EQE, is attributed to an increase in 
TADF efficiency in the compound as evidenced by the two compounds displaying an 
identical φPF but with an increased 𝛷DF in compound 36, as shown in Table 16, due to the 
high kRISC in 36. The performance of the devices is summarized in Table 17. 
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Table 17 – Device performance of OLEDs made using emitters 35 or 36. Turn-on 
voltage (Von) defined as that required to reach 10 cd m-2. EQE, CE and PE 














V % cd A-1 lm W-1 x,y 
35 4.2 15/13/7.2 30/25/14 21/13/3.7 0.15, 0.31 
36 3.9 23/22/16 47/46/34 39/28/12 0.15, 0.34 
 Of particular note in the data obtained from the devices is the efficiency roll-off 
that was observed. The device in which the tCzMPO compound 36 was included as the 
emitter displayed a EQE at a luminance of 10 cd/m
-2 of 23%, and displayed minimal 
efficiency roll-off at 100 cd/m2 (EQE = 22%), and displayed a good EQE of 16% at 1,000 
cd/m2. The OLED fabricated using the analogous tCzDPO compound 25 displayed a 
higher EQEmax, but suffered from significantly higher efficiency roll-off as the luminance 
increased, and exhibited an EQE at 1,000 cd/m2 of ca. 11%. The normalized EQE of 
devices made using 24-25 and 35-36 are plotted in Figure 72 in order to illustrate how the 
efficiency decreases as the luminance increases. In both of the MPO based emitters, the 
roll-off is significantly suppressed vs. the similar DPO compound. Efficiency roll-off in 
TADF OLEDs has been largely attributed to triplet-triplet and triplet-polaron annihilation 
events as the more long-lived triplet excitons build up in the device.156 Under this 
assumption, the decreased τDF of the MPO compounds 35 and 36 (11.0 and 8.0 μs, 
respectively) when compared to the DPO based fluorophores 25 and 26 (62.8 and 30.4 
μs, respectively, Section 3.3.4) results in a lower triplet concentration at similar current 
densities, as the triplets are more quickly converted to photons through TADF, and thus a 
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decreased efficiency roll-ff. This, in turn, is due to the increased kRISC rates of the DPO 
compounds relative to their MPO analogues, of which the cause is not totally clear. 
 
Figure 72 – External quantum efficiency, normalized to the EQEmax shown as a 
function of luminance for OLEDs fabricated using compounds 24, 25, 35, and 36 as 
the emitter. 
4.4 Conclusions 
In this chapter, fluorophores in which the electron accepting unit was 2-methyl-5-
phenyl-1,3,4-oxadiazole were prepared and studied where the electron donating unit was 
9-carbazole. The MPO acceptor is more difficult to reduce than the DPO moiety by ca. 
0.22 eV, which is reflected in a blue shifting of the fluorescent emission of donor-
acceptor compounds comprised of MPO as the acceptor when compared to similar 
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compounds containing DPO. Additionally, MPO contains a phosphorescent emission ca. 
0.12 eV higher in energy. Simple CzMPO compounds display the same structure property 
relationships with regards to their singlet and triplet energies, and their fluorescent decay 
rates as their CzDPO analogues. Specifically, they tend to have lowest energy singlet 
transitions that are well characterized as an intramolecular charge-transfer while their 
lowest energy triplet transition instead shows characteristics of a 3LE state localized on 
the oxadiazole moiety. 
Fluorophores containing the MPO acceptor unit that exhibit TADF were designed 
and synthesized, including compounds 34, 35, and 36. OLED devices fabricated using 
these compounds displayed maximum external quantum efficiencies of ca. 15% and 
higher, demonstrating the ability to harvest triplet excitons for luminescence, as 
consistent with TADF emitters. Furthermore, in similar compounds, emitters with MPO 
acceptor moieties displayed reverse intersystem crossing rates ca. 10 times higher than 
their analogous emitters that contained the DPO acceptor unit.  
4.5 Experimental Details and Supplemental Data 
All reagents were purchased from commercial sources and were used without 
further purification. 1H, 13C, and 19F NMR spectra were recorded using a Bruker Avance 
IIIHD 500 instrument operating at 500 MHz, 125 MHz, and 470.4 MHz, respectively, or 
on a Varian Mercury Vx 400 operating at 400 MHz, 100 MHz, and 376.5 MHz, 
respectively. Chemical shifts are listed in parts per million (ppm) and were referenced 
using the residual nondeuterated solvent 1H signal or the solvent 13C resonance, or using 
an internal standard (trifluoroacetic acid, 76.55 ppm) for 19F NMR. Column 
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chromatography was carried out using silica gel (60 Å, 40-63 µm, Sorbent) as the 
stationary phase. Mass spectra were measured on an Applied Biosystems 4700 
Proteomics Analyzer using MALDI or a VG Instruments 70-SE using electron impact 
(EI) mode. UV-Vis spectra were measured using a Cary 5000 UV-Vis-NIR 
Spectrophotometer. Fluorescence and phosphorescence spectra, and photoluminescent 
transients were collected on a Jobin Yvon Fluorolog-3 equipped with a pulsed xenon 
lamp, photomultiplier tube (Horiba R928), and pulsed LED excitation source 
(NanoLED), and were excited at 330 nm. Fluorescent lifetimes were fit using DAS6 
decay analysis software. Solution and solid-state absolute photoluminescence quantum 
yields were deter-mined on a Quantaurus-QY C11347 spectrometer. Electrochemical data 
was acquired using cyclic voltammetry in 0.1 M nBu4N
+PF6
- in dry tetrahydrofuran (for 
reductive scans) or dichloromethane (oxidative scans) under nitrogen, using a CH 
Instruments 620D potentiostat, a glassy carbon working electrode, a platinum wire 
auxiliary electrode, and, as a pseudo-reference electrode, a silver wire anodized in 1 M 
aqueous potassium chloride solution. The scan rate was 50 mV s–1 and ferrocene was 
added as an internal reference. Thermogravimetric analysis was performed on a Perkin 
Elmer Pyris-1 TGA with a scan rate of 10 °C s-1. 
4.5.1 Synthetic Details 
2-Methyl-5-phenyl-1,3,4-oxadiazole (MPO). Benzohydrazide (0.992 g, 7.29 mmol) was 
placed in a round bottom flask with a stir bar, which was evacuated and placed under a 
nitrogen atmosphere. Triethyl orthoacetate (5.0 mL, 27 mmol) was added and the 
reaction mixture was heated in an aluminum heat block to reflux and stirred for 24 hrs. 
After cooling, the excess triethyl orthoacetate was removed in vacuo, and the residue was 
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purified via column chromatography (silica gel) using dichloromethane as the eluent, 
followed by 5% methanol in dichloromethane. The product was obtained as a white, 
crystalline powder (0.471 g, 40%). 1H NMR (500 MHz, CDCl3): δ 8.02 (d, J = 8.5 Hz, 
2H); 7.52-7.47 (m, 3H); 2.61 (s, 3H). 13C{1H} NMR (125 MHz, CDCl3): δ 164.85; 
164.58; 131.49; 128.49; 128.67; 123.94; 11.07. NMR data matches reported spectra.157 
2,5-Diphenyl-1,3,4-oxadiazole (DPO): Benzohydrazide (0.992 g, 7.29 mmol) was 
dissolved in dry THF (25 mL) in a dry round-bottom flask under N2 atmosphere at 0 °C 
in an ice bath, to which benzoyl chloride (0.85 mL, 7.34 mmol) was added dropwise. 
After the benzoyl chloride was added, the reaction mixture was removed from the ice 
bath warmed to room temperature and was stirred overnight. Then, pyridine (2 mL) was 
added and the reaction mixture was further stirred for 30 minutes. Water (30 mL) was 
added to precipitate to white a white solid, which was collected via filtration. The product 
(N’-benzoylhydrazide) was obtained as a white powder (1.39 g) and was used in the next 
step without further purification. 
N’-Benzoylhydrazide (1.39 g, 5.79 mmol) was suspended in 10 mL phosphoryl chloride 
in a round-bottom flask and heated in an aluminum block at 100 °C and stirred for 6 
hours. After cooling to room temperature, the reaction mixture was poured over ice and 
the white precipitate was collected via filtration to yield the product (1.28 g, 80%). 1H 
NMR (500 MHz, CDCl3): δ 8.16-8.14 (m, 4H), 7.56-7.54 (m, 6H). 
13C{1H} NMR (125 
MHz, CDCl3): δ 164.58, 131.71, 129.07, 126.93, 123.93. HRMS (EI, m/z) Calcd for 
C14H10N2O [M]
+, 222.0793; Found 222.0801. Anal. Calcd for (C14H10N2O)6∙H2O: C, 
74.65; H, 4.62; N, 12.44. Found: C, 74.55; H, 4.84; N, 12.28. 
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2-(4-(9H-Carbazol-9-yl)phenyl)-5-methyl-1,3,4-oxadiazole (26). To a solution of 2-(4-
iodophenyl)-5-methyl-1,3,4-oxadiazole (5.0 g, 17.5 mmol), carbazole (3.5 g, 21 mmol), 
and Cu (5.0 g, 80 mol) in DMF (50 ml) was added potassium carbonate (10 g, 72 mmol) 
under nitrogen with stirring. The reaction mixture was heated in an aluminum heat block 
at 170 °C for 21 h. After cooling, the reaction mixture was filtered, and the solid residue 
was washed with THF. The filtrate was concentrated in vacuo and water was added to the 
remaining DMF solution. The brown precipitate was collected via filtration and washed 
with methanol. The solid was purified by column chromatography using 
dichloromethane/ethyl acetate (95:5) as the eluent. The product was recrystallized from 
dichloromethane/methanol and collected via filtration to yield the product as a white 
powder (4.9 g, 87%). 1H NMR (400 MHz, CDCl3): δ 8.27 (d, J = 8.8 Hz, 2H), 8.16 (d, J 
= 7.6 Hz, 2H), 7.74 (d, J = 8.8 Hz, 2H), 7.50-7.42 (m, 4H), 7.33 (t, J = 8.0 Hz, 2H), 2.67 
(s, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 164.26, 163.81, 140.68, 140.20, 128.31, 
127.13, 126.15, 123.71, 122.49, 120.50, 120.41, 109.64, 11.16. HRMS (ESI, m/z): Calcd 
for C21H16N3O, 326.1288 [M]
+; Found 326.1289. Data matches those previously 
reported.132 
2-(3-(9H-Carbazol-9-yl)phenyl)-5-methyl-1,3,4-oxadiazole (27). To a solution of 2-(3-
iodophenyl)-5-methyl-1,3,4-oxadiazole (5.0 g, 17.5 mmol), carbazole (3.5 g, 21 mmol), 
and Cu (5.0 g, 80 mol) in DMF (50 ml) was added potassium carbonate (10 g, 72 mmol) 
under nitrogen with stirring. The reaction mixture was heated in an aluminum heat block 
at 170 °C for 21 h. After cooling, the reaction mixture was filtered, and the solid residue 
was washed with THF. The filtrate was concentrated in vacuo and water was added to the 
remaining DMF solution. The brown precipitate was collected via filtration and washed 
 174 
with methanol. The solid was purified by column chromatography using 
dichloromethane/ethyl acetate (95:5) as the eluent. The product was recrystallized from 
dichloromethane/methanol and collected via filtration to yield the product as a white 
powder (4.7 g, 83%). 1H NMR (400 MHz, CDCl3): δ 8.25 (s, 1H), 8.18-8.15 (m, 3H), 
7.76-7.75 (m, 2H), 7.44 (d, J = 4.4 Hz, 4H), 7.36-7.29 (m, 2H), 2.63 (s, 3H). 13C{1H} 
NMR (100 MHz, CDCl3): δ 164.11, 163.93, 140.49, 138.61, 130.73, 129.94, 126.11, 
125.82, 125.48, 125.10, 123.53, 120.39, 120.33, 109.51, 11.10. HRMS (ESI, m/z): Calcd 
for C21H16N3O, 326.1288 [M]
+; Found 326.1289. 13C{1H} NMR spectrum shown in 
Section 4.5.4. 
2-(2-(9H-Carbazol-9-yl)phenyl)-5-methyl-1,3,4-oxadiazole (28). A solution of 2-(2-
iodophenyl)-5-methyl-1,3,4-oxadiazole (2.5 g, 14 mmol), carbazole (2.5 g, 15 mmol), 
and potassium carbonate (5 g, 36 mmol) in DMSO (25 ml) was stirred under nitrogen in 
an aluminum heating block at 120 °C for 24 h. After cooling to room temperature, water 
(100 ml) was added and a white precipitate was obtained. The solid was collected by 
filtration, washed with water and then methanol. The crude product was purified by 
column chromatography using dichloromethane/hexane (1:1) as eluent. The obtained 
product was recrystallized from dichloromethane/methanol, and the product was obtained 
as a white powder by filtration (3.5 g, 77 %). 1H NMR (400 MHz, CDCl3): δ 8.36 (d, J = 
8.4 Hz, 1H), 8.14 (d, J = 7.6 Hz, 2H), 7.78 (td, J = 8.0, 1.6 Hz, 1H), 7.68 (t, J = 7.2 Hz, 
2H), 7.32 (td, J = 7.2, 1.6 Hz, 2H), 7.26 (td, J = 7.2, 1.2 Hz, 2H), 7.05 (d, J = 8.0 Hz, 
2H), 1.84 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 163.76, 162.82, 141.30, 135.53, 
132.84, 130.95, 130.45, 128.86, 126.04, 123.35, 123.19, 120.10, 119.97, 109.15, 10.14. 
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HRMS (ESI, m/z): Calcd for C21H16N3O, 326.1288 [M]
+; Found 326.1289. 13C{1H} NMR 
spectrum shown in Section 4.5.4. 
2-(4-(9'H-[9,3':6',9''-Terbenzo[b]indol]-9'-yl)phenyl)-5-methyl-1,3,4-oxadiazole (29). 
To a solution of 2-(4-(3,6-diiodo-9H-carbazol-9-yl)phenyl)-5-methyl-1,3,4-oxadiazole 
(0.50 g, 0.87 mmol), carbazole (1.0 g, 6.0 mmol), and Cu (1.0 g, 16 mol) in DMF (10 ml) 
was added potassium carbonate (3.0 g, 22 mmol) under nitrogen with stirring. The 
reaction mixture was heated in an aluminum heat block at 170 °C for 21 h. After cooling, 
the reaction mixture was filtered, and the solid residue was washed with THF. The filtrate 
was concentrated in vacuo and water was added to the remaining DMF solution. The 
brown precipitate was collected via filtration and washed with methanol. The solid was 
purified by column chromatography using dichloromethane/ethyl acetate (95:5) as the 
eluent. The product was recrystallized from dichloromethane/methanol and collected via 
filtration to yield the product as a white powder (0.46 g, 81%).  1H NMR (400 MHz, 
CDCl3): δ 8.40 (d, J = 8.8 Hz, 2H), 8.30 (d, J = 2.0 Hz, 2H), 8.17 (d, J = 7.6 Hz, 4H), 
7.93 (d, J = 8.8 Hz, 2H), 7.74 (d, J = 9.2 Hz, 2H), 7.66 (dd, J = 8.8, 2.0 Hz, 2H), 7.43-
7.39 (m, 8H), 7.31-7.27 (m, 4H), 2.71 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 
170.74, 164.14, 164.03, 141.63, 140.04, 130.90, 128.68, 127.39, 126.47, 125.91, 124.36, 
123.40, 123.16, 120.32, 119.84, 119.76, 111.23, 109.60, 11.23. HRMS (MALDI, m/z): 
Calcd for C45H29N5O [M
+], 655.2372; Found, 655.2360. Anal. Calcd for 
(C45H29N5O)2∙H2O: C, 81.31; H, 4.55; N, 10.54. Found: C, 81.41; H, 4.56; N, 10.44. 
2-(3-(9'H-[9,3':6',9''-Tercarbazol]-9'-yl)phenyl)-5-methyl-1,3,4-oxadiazole (30). To a 
solution of 2-(3-(3,6-diiodo-9H-carbazol-9-yl)phenyl)-5-methyl-1,3,4-oxadiazole (0.50 g, 
0.87 mmol), carbazole (1.0 g, 6.0 mmol), and Cu (1.0 g, 16 mol) in DMF (10 ml) was 
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added potassium carbonate (3.0 g, 22 mmol) under nitrogen with stirring. The reaction 
mixture was heated in an aluminum heat block at 170 °C for 22 h. After cooling, the 
reaction mixture was filtered, and the solid residue was washed with THF. The filtrate 
was concentrated in vacuo, and  water (75 mL) was added into the remaining DMF 
solution, where a brown precipitate was obtained and collected via filtration, and washed 
with methanol. The solid was purified by column chromatography using 
dichloromethane/ethyl acetate (95:5) as the eluent. The product was then recrystallized 
from dichloromethane/methanol and collected by filtration to yield the product as a white 
powder (0.40 g, 70 %). 1H NMR (400 MHz, CDCl3): δ 8.44 (t, J = 1.6 Hz, 1H), 8.31 (d, J 
= 1.6 Hz, 2H), 8.26 (dt, J = 7.6, 1.6 Hz, 1H), 8.17 (d, J = 7.6 Hz, 4H), 7.95-7.86 (m, 2H), 
7.71-7.86 (m, 4H), 7.44-7.39 (m, 8H), 7.33-7.28 (m, 4H), 2.68 (s, 3H). 13C{1H} NMR 
(100 MHz, CDCl3): δ 164.17, 164.02, 141.69, 140.37, 138.14, 131.18, 130.80, 130.09, 
126.49, 126.31, 126.26, 125.92, 125.32, 124.22, 123.17, 120.31, 119.86, 119.75, 111.14, 
109.64, 11.21. HRMS (MALDI, m/z): Calcd for C45H29N5O [M
+], 655.2372; Found, 
655.2366. Anal. Calcd for C45H29N5O: C, 82.42; H, 4.46; N, 10.68. Found: C, 82.27; H, 
4.43; N, 10.77. 
2-(2-(9'H-[9,3':6',9''-Tercarbazol]-9'-yl)phenyl)-5-methyl-1,3,4-oxadiazole (31). To a 
solution of 2-(2-(3,6-diiodo-9H-carbazol-9-yl)phenyl)-5-methyl-1,3,4-oxadiazole (0.50 g, 
0.87 mmol), carbazole (1.0 g, 6.0 mmol), and Cu (1.0 g, 16 mol) in DMF (10 ml) was 
added potassium carbonate (3.0 g, 22 mmol) under nitrogen with stirring. The reaction 
mixture was heated in an aluminum heat block at 170 °C for 22 h. After cooling, the 
reaction mixture was filtered, and the solid residue was washed with THF. The filtrate 
was concentrated in vacuo, and water (75 mL) was added into the remaining DMF 
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solution, where a brown precipitate was obtained and collected via filtration and washed 
with methanol. The product was purified by silica gel column chromatography using 
dichloromethane as the eluent. The product was then recrystallized from 
dichloromethane/methanol and collected by filtration to yield the product as a white 
powder (0.42 g, 74 %). 1H NMR (400 MHz, CDCl3): δ 8.45 (dd, J = 8.0, 1.2 Hz, 1H), 
8.28 (d, J = 1.6 Hz, 2H), 8.17 (d, J = 7.6 Hz, 4H), 7.93-7.78 (m, 3H), 7.55 (dd, J = 8.8, 
2.0 Hz, 2H), 7.43-7.36 (m, 8H), 7.31-7.27 (m, 6H), 2.19 (s, 3H). 13C{1H} NMR (125 
MHz, CDCl3): δ 163.86, 162.56, 141.66, 141.19, 134.97, 133.20, 131.13, 130.69, 130.47, 
129.69, 126.35, 125.89, 124.06, 123.49, 123.15, 120.31, 119.73, 119.62, 110.85, 109.58, 
10.62. HRMS (MALDI, m/z): Calcd for C45H29N5O [M
+], 655.2372; Found, 655.2405. 
Anal. Calcd for (C45H29N5O)4∙H2O: C, 81.86; H, 4.50; N, 10.61. Found: C, 81.91; H, 
4.61; N, 10.52. 
2-(4-(9H-Carbazol-9-yl)phenyl)-5-(trifluoromethyl)-1,3,4-oxadiazole (33). To a flask 
containing 9-(4-(1H-tetrazol-5-yl)phenyl)-9H-carbazole) (250 mg, 0.804 mmol) 
suspended in dichloromethane (5 mL) was added trifluoroacetic anhydride (0.11 mL, 
0.80 mmol) in dichloromethane (0.5 mL) dropwise with stirring. Upon completion of N2 
evolution, the reaction mixture was neutralized with saturated sodium bicarbonate until 
pH 9 was reached. The reaction mixture was extracted with diethyl ether (3 times) and 
the combined organic layers were dried over anhydrous magnesium sulfate, decanted, 
and concentrated in vacuo. The product was passed through a silica gel plug using diethyl 
ether:hexanes (1:1) as the eluent, and the was concentrated in vacuo to yield the product 
as a white powder (237 mg, 79 %). 1H NMR (500 MHz, CDCl3): δ 8.38 (d, J = 8.5 Hz, 
2H), 8.16 (d, J = 8.0 Hz, 2H), 7.84 (d, J = 8.5 Hz, 2H), 7.51 (d, J = 8.5 Hz, 2H), 7.45 (t, J 
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= 7.0 Hz, 2H), 7.35 (t, J = 7.0 Hz, 2H). 13C{1H} NMR (125 MHz, CDCl3): δ 165.93, 
142.33, 140.02, 129.29, 127.29, 126.32, 123.69, 120.86, 120.56, 120.38. HRMS (EI, 
m/z): Calcd for C21H12F3N3O [M
+] 379.0932; Found 379.0926. Anal. Calcd for 
C21H12F3N3O: C, 66.49; H, 3.19; N, 11.08. Found: C, 66.60; H, 3.38; N, 11.06. 
2-(3,4,5-Tri(9H-carbazol-9-yl)phenyl)-5-(trifluoromethyl)-1,3,4-oxadiazole (34). To a 
flask containing 9,9’,9’’-(5(1H-tetrazol-5-yl)benzenetris(9H-carbazole) (50 mg, 0.078 
mmol) suspended in dichloromethane (2 mL) was added trifluoroacetic anhydride (0.014 
mL, 0.1 mmol) dropwise with stirring. Upon completion of N2 evolution, the reaction 
mixture was neutralized with saturated sodium bicarbonate until pH 9 was reached. The 
reaction mixture was extracted with ether (3 times) and the combined organic layers were 
dried over anhydrous magnesium sulfate, decanted, and concentrated in vacuo. The 
product was obtained as a yellow powder (14 mg, 28%). 1H NMR (500 MHz, CDCl3): 
δ8.68 (s, 2H), 7.80 (d, J = 7.0 Hz, 4H), 7.38 (d, J = 7.5 Hz, 2H), 7.21 (d, J = 8.0 Hz, 4H), 
7.01-7.02 (m, 8H), 6.92 (d, J = 8.0 Hz, 2H), 6.79 (t, J = 7.0 Hz, 2H), 6.65 (t, J = 8.0 Hz, 
2H). 13C{1H} NMR (125 MHz, CDCl3): δ164.77, 139.31, 138.64, 137.71, 135.70, 
128.18, 125.64, 124.79, 123.77, 123.73, 123.07, 120.64, 120.38, 120.09, 119.47, 109.78, 
109.43. HRMS (EI, m/z): Calcd for C45H26N5OF3 [M
+] 709.2089; Found 709.2078. Anal 
Calcd. for C45H26F3N5O: C, 76.15; H, 3.69; N, 9.87. Found: C, 75.97; H, 3.66; N, 9.88. 
2-Methyl-5-(2,3,4,5-penta(9H-carbazol-9-yl)phenyl)-1,3,4-oxadiazole (35). In a round-
bottom flask, 2-methyl-5-(perfluorophenyl)-1,3,4-oxadiazole (1.0 g, 4.0 mmol), carbazole 
(3.6 g, 22 mmol), and potassium carbonate were dissolved in DMSO (20 mL) in a round-
bottom flask and stirred in an aluminum heating block at 70 °C for 1 h, 100 °C for 2 h, 
120 °C for 14 h, and 160 °C for 4 h. After cooling to room temperature, water was added 
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(150 mL) and the precipitate was collected via filtration and washed with water and then 
methanol. The crude product was purified via column chromatography using 
dichloromethane as the eluent. The product was recrystallized from 
dichloromethane/methanol, and filtration yielded the product as a pale-yellow powder 
(3.8 g, 97%). 1H NMR (400 MHz, CDCl3): δ 7.69-7.67 (m, 4H), 7.37 (d, J = 7.6 Hz, 4H), 
7.29 (d, J = 9.5 Hz, 2H), 7.21-7.17 (m, 10H), 7.00-6.94 (m, 8H), 6.77 (t, J = 7.2 Hz, 4H), 
6.73 (d, J = 8.0 Hz, 2H), 6.65 (t, J = 7.2 Hz, 4H), 6.60 (t, J = 7.2 Hz, 2H), 1.53 (s, 3H). 
13C{1H} NMR (100 MHz, CDCl3): δ 163.29, 158.10, 139.60, 139.42, 138.23, 137.89, 
137.84, 136.73, 127.33, 125.38, 124.37, 124.24, 123.70, 123.58, 120.55, 120.31, 120.23, 
119.89, 119.42, 119.33, 110.68, 110.46, 109.52, 9.79. HRMS (MALDI, m/z): Calcd for 
C69H43N7O, 985.3529 [M
+]; Found 985.3541. Anal. Calcd for C69H43N7O: C, 84.04; H, 
4.40; N, 9.94. Found: C, 84.05; H, 4.36; N, 9.93. 
2-Methyl-5-(2,3,4,5-pentakis(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-1,3,4-
oxadiazole (36). A solution of 2-methyl-5-(perfluorophenyl)-1,3,4-oxadiazole (0.70 g, 
2.8 mmol), 3,6-di-tert-butylcarbazole (4.5 g, 16 mmol), and potassium carbonate (10 g, 
72 mmol) in DMSO (20 ml) in a round-bottom flask and stirred under nitrogen in an 
aluminum heating block at 120 °C for 15 h and then at 160 °C for 9 h. After cooling to 
room temperature, water (100 ml) was added and a pale-yellow precipitate was obtained. 
The solid was collected by filtration, washed with water and then methanol. The crude 
product was purified by column chromatography using dichloromethane/hexane (1:1) as 
eluent. The obtained product was recrystallized from dichloromethane/methanol, and the 
product was obtained as a pale-yellow powder by filtration (3.5 g, 81 %). 1H NMR (400 
MHz, CDCl3): δ 7.56 (s, 4H), 7.23 (s, 6H), 7.00 (d, J = 8.8 Hz, 2H), 6.92 (s, 8H), 6.86 (d, 
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J = 8.4 Hz, 4H), 6.59 (td, J = 8.0, 2.0 Hz, 6H), 1.60 (s, 3H), 1.29 (s, 36H), 1.22 (s, 36H), 
1.18 (s, 18H). 13C{1H} NMR (100 MHz, CDCl3): δ 163.11, 158.80, 142.75, 142.67, 
142.45, 140.41, 138.15, 137.63, 137.33, 137.27, 136.70, 127.12, 124.25, 124.06, 123.87, 
122.73, 122.10, 121.90, 115.44, 114.95, 114.81, 110.32, 110.03, 109.17, 34.43, 34.25, 
31.85, 31.78, 31.73, 9.99. HRMS (MALDI, m/z): Calcd for C109H123N7O, 1545.9789 
[M]+; Found: 1545.9797. Anal. Calcd for C109H123N7O: C, 84.62; H, 8.01; N, 6.34. 
Found: C, 84.35; H, 7.90; N, 6.25. 
4.5.2 Chemical Structures of Organic Materials Used in OLED Devices 
 
4.5.3 Solvent Dependence of Absorption and Emission Spectra 
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Figure 73 – Solvent dependence of absorption (solid line) and fluorescence (dashed 
line) of compound 35 in a variety of solvents. 
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Figure 74 – Solvent dependence of absorption (solid line) and fluorescence (dashed 
line) of compound 36 in a variety of solvents. 
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4.5.4 13C{1H} NMR Spectra 
 
Figure 75 – 13C{1H} NMR spectrum (100 MHz, CDCl3) of compound 27. 
 
Figure 76 – 13C{1H} NMR spectrum (100 MHz, CDCl3) of compound 28. 
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CHAPTER 5. CONCLUSIONS AND OUTLOOK 
In this thesis, donor-acceptor compounds comprised of 9H-carbazole and 1,3,4-
oxadiazole were systematically designed and synthesized in order to investigate the 
effects of donor strength, acceptor strength, and chemical connectivity and 
regioisomerism on photophysical properties relevant to the design of TADF emitters for 
third-generation organic light-emitting diodes. The compounds were synthesized, and 
their absorption, fluorescent and phosphorescent properties, including transient 
photoluminescence and photoluminescent quantum yields, were collected. The data were 
used to determine the energy of the singlet and triplet states to estimate the vital singlet-
triplet gap for TADF fluorophores, the ΔEST, and fluorescent decay rates that must be 
high enough to compete with the nonradiative decay pathways that reduce OLED 
efficiency. The structure-property relationships between the molecules and the 
photophysical properties were used to draw conclusions about the nature and energy of 
the relevant orbitals involved in the singlet and triplet transitions. Insight from these 
conclusions were exploited to develop strategies for designing new fluorophores with 
small ΔEST values that display TADF. 
5.1 Summary of Results 
The singlet state of all D-A compounds studied were found to be a HOMO-LUMO, 
intramolecular charge-transfer transition, where, in the excited state, the hole resides on 
the carbazole donor moiety and the electron on the oxadiazole acceptor. By simply 
increasing the electron-pushing ability of the donor or the electron pulling ability of the 
acceptor, the ICT state was stabilized, and the energy of the singlet was decreased. The 
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significant, monotonic decrease in the energy of the singlet is shown in Figure 77 with a 
series of the synthesized fluorophores with increasing donor/acceptor strengths. The 
triplet state of the compounds did not show the same sensitivity to donor or acceptor 
strength, however, which is inconsistent with the transition arising from the same set of 
orbitals. 
 
Figure 77 – Energy of the singlet (red) and triplet (blue) in compounds with 
increasing donor and/or acceptor strength, estimated from spectral onsets in dilute 
toluene solution. 
Unlike the singlet exciton, the triplet state of the compounds was shown to be 
consistent with a localized excitation in which the hole and the electron both reside 
largely on the 2,5-diphenyl-1,3,4-oxadiazole moiety. This explains the insensitivity of the 
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emission to the energy of the ICT transition energy, and moreover explains the 
observations made with regards to the phosphorescence as a function of connectivity 
between the donor and the acceptor – as the bulky heteroaromatic groups crowded one 
another out of plane of the bridging phenylene, the conjugation across the DPO group is 
decreased and the energy of the transition was increased. 
 
Figure 78 – Energy of the singlet (red) and triplet (blue) of compounds with 
increasing crowding between the donor and acceptor moieties, estimated from 
spectral onsets in dilute toluene solution. 
By understanding the distinct orbital nature of the singlet and triplet states, 
compounds were designed with minimized ΔEST values, leading to TADF. One strategy 
involved selectively pushing the ICT down in energy until it approached that of the 3LE, 
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and led to highly efficient OLED devices when incorporated as the emitter into the 
EML.158 Another strategy, which allowed for true-blue emission color from the emitter 
concomitant with TADF, was pushing the 3LE up in energy as far as possible with 
crowding around the oxadiazole functionality, although this showed little success when 
incorporated into an OLED device due to low fluorescent efficiency. By combining the 
two approaches, highly efficient devices with emission more blue than possible when 
only pushing the ICT state were achieved.147 Furthermore, this work showed the 
importance of substitution pattern in controlling the energy of the singlet – where 
substitution of a donor through the electronegative N atom of carbazole in the 2-, 4- and 
6-positions have an outsized affect versus substitution in the 3-, and 5-positions. 
Substitution in the 3- and 5-positions were, instead, shown to have more of an effect on 
the triplet emission and RISC. 
With an understanding of the relevant orbitals involved in the S1 and T1 states, the 
acceptor moiety was modified by replacement of one of the conjugated phenyl groups 
with a methyl group. The energy of the 3LE localized on the oxadiazole was increased as 
a result, allowing for lower values of ΔEST in compounds that emitted at shorter 
wavelengths, leading to TADF fluorophores with a more blue emission than was obtained 
in the comparable DPO fluorophores. Fabrication of OLEDs with lower x values in their 
CIE (x,y) color space while maintaining high EQE were the result. Analogous 
compounds displaying TADF but incorporating the MPO acceptor in place of the DPO 
acceptor had the unexpected side effect of showing significantly increased RISC rates ca. 
10 times higher (see for example compound 24 vs. 35). In total, a range of emission 
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colors from blue-green to true-blue were obtained in the OLEDs utilizing the emitters 
reported here. 
 
Figure 79 – Chromaticity of some OLED devices reported in this work, using the 
noted compound as the emitter. 
5.2 Outlook 
The results obtained in this work present promising strategies for modifying 
fluorophores to improve and fine tune their properties for use as emitters in OLEDs. To 
increase efficiency and decrease efficiency roll-off, RISC rates must be maximized by 
decreasing ΔEST, while also increasing the SOC between the triplet and singlet manifold. 
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While the design of increasingly blue emitters requires an increase in the energy of the 
fluorescent emission while maintaining a small ΔEST. 
5.2.1 Increasing RISC Rates 
As was seen in Section 3.3.4, the electronic interactions of substituents in different 
positions leads to donors in certain positions affecting distinct properties of the molecule 
by differing amounts. Specifically, donor substitution in the 2-, 4-, and 6-positions 
relative to the electron acceptor contribute electronically to the intramolecular charge 
transfer over those in the 3- and 5-positions. As was shown in Sections 3.3.1 and 4.2.1, 
singlet CT states involving charge transitions from the 3-or 5-positions are found at 
higher energies than the charge transitions from the 2-, 4-, or 6- positions, and it follows 
that their triplet counterparts are, too. This may be taken advantage of to design systems 
with increased SOC between the singlet and triplet state.79 
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Figure 80 – Hypothetical D-A compounds (top) and energy level diagrams of the 
singlet and triplet CT sates (bottom) in which the donors in the 3- and 5-positions 
are replaced with one (middle) or two (right) different donor substituents, stronger 
than the donors in the 2-, 4-, and 6-positions. Sn and 3LE states omitted. 
By adding stronger donors to the 3- and 5-positions of the fluorophore, an additional, 
distinct 3CT state with different symmetry but similar energy to the T1 state may be 
obtained that, with proper donor selection, may be very similar in energy with the T1 
state, leading to vibronic coupling between the two states and resulting in enhanced SOC 
between the singlet and triplet state. Furthermore, using mixed donors in the 3- and 5-
positions may lead to additional 3CT states that are vibronically accessible by the T1 state 
(Figure 80), and by packing more triplet states into a small energetic range SOC may be 
further increased through the second order coupling.80 This strategy, using secondary 
donors144 or acceptors159 to control the energy of higher energy triplet states has very 
recently come under investigation. A systematic study including systems composed of 
 191 
mixed donors, mixed acceptors, or both mixed donors and acceptors remains to be 
explored. 
A further, in depth study of what is leading to the increased RISC rates in the MPO 
based fluorophores reported here compared to their DPO analogues remains to be 
performed. As the estimated ΔEST of similar compounds containing DPO and MPO 
acceptors are unchanged, an increase in the SOC is very likely where the increased RISC 
rate arise from. Naively, the increased singlet and triplet energies will decrease the 
energy gap between the 3LE localized on the carbazole donors and the relevant, T1 state 
to which it can vibronically couple. However, triplet energy of isolated N-
phenylcarbazole molecule is approximately 3.05 eV,106 which is high enough that the 
triplet of, for example, the MPO fluorophores 35 and 36 (2.86, 2.87 eV, respectively, 
determined in toluene matrix) may not be expected to couple significantly to the state. 
However, the assumption is that the energy of the 3LE in an isolated fluorophore is 
representative of the energy of the same group incorporated into a D-A compound, where 
the rest of the molecule is electronically coupled and may be expected to preferentially 
stabilize the HOMO or LUMO of the group. Indeed, the phosphorescence spectrum of 
the isolated DPO and MPO compounds displayed estimated triplet energies ca. 0.40 eV 
higher than those of the MPO and DPO compounds where the triplet state was assigned 
to the 3LE of the acceptor, suggesting this is not an effective way to estimate the energy 
of the 3LE state. A further study as to precisely what is leading to this increased RISC 
rate is required to say more. 
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5.2.2 Blue Emission with High Rates of Fluorescence and RISC 
The other primary challenge remaining unsolved is a blue shifting of the fluorescent 
emission while maintaining sufficiently high fluorescence and RISC rates to allow for 
efficient OLED devices. The simplest approach is to use acceptor groups with higher 3LE 
energy than displayed in DPO or MPO. Such an approach, however, is well known and 
understood by the community. The lessons learned in this work, specifically the 3LE 
energy tuning, should prove applicable to a range of other acceptor moieties with 
comparable structures (eg: diphenyl sulfone, 2,4,6-triphenyl-1,3,5-triazine, etc.) for 
obtaining higher energy triplets than otherwise might be expected in such D-A structures. 
In this work, fluorophores were developed that displayed true-blue emission, with CIE 
(x,y) of 0.15, 0.09 but with very low kfl. Other fluorophores were developed with very 
high kRISC on the order of 10
6 s-1, but with sky blue to blue-green emission. Development 
of a compound or set of compounds that display both qualities remains to be done. 
The problem with designing high triplet energy, blue TADF emitters lies in the 
stabilization of the orbitals involved in the triplet configuration to spread out on the D-A 
compound in such a way as to maximize the overlap and stabilize the state through the 
exchange integral.78 This makes it more and more difficult to contain the hole and 
electron wavefunction of the triplet state to the donor and acceptor moieties, respectively, 
as the HOMO-LUMO gap increases. Compound 19 demonstrated a method for breaking 
the conjugation between the donor and acceptor sufficiently to prevent the triplet energy 
from dropping below the energy of the ICT state despite the blue fluorescent emission, 
and a high triplet energy of 3.02 was achieved in the compound. However, to use such an 
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approach in an efficient OLED requires an increased fluorescent decay rate that was not 
obtained in 19. 
Substitution of donors in the para position were shown to result in compounds with 
high fluorescent decay rates in Sections 3.2.2 and 4.2.2, and compounds combining the 
2,2’,6,6’ donor substitution of compound 19 with donor substitution in the 4 and/or 4’ 
positions might be expected to behave the same way. The LUMO of the DPO compounds 
spread over the oxadiazole and the two benzene rings, which is disrupted by the twisting 
in compound 19. The HOMO of the D-A compounds should be well confined to the 
donor moieties, and when the donor groups are as twisted out of the plane of the bridging 
phenylene the oscillator strength can be expected to be suppressed, and the rate of 
fluorescence along with it (according to the Strickler-Berg relationship). By inclusion of 
less sterically constrained donors on the 4 and/or 4’ positions, the LUMO that leaks out 
onto the phenylene should have an increased overlap with the orbitals well described by 
the HOMO of the donor, and an enhanced fluorescence decay may be observed.  
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Figure 81 – Proposed structures to combine high triplet energy with increased 
fluorescent decay rate. 
Specific structures that may result in enhanced fluorescent decay rates while 
maintaining high triplet energy are proposed in Figure 81. One may simply consider 
substituting Cz donors into the 4 and 4’ positions for the reasons just discussed. However, 
the increased RISC rates observed with substitution of donors in the 3- and 5-positions in 
Section 3.3.4 suggest that inclusion of donors in those positions is also important for 
maximizing RISC rates. From a purely practical perspective, a compound in which every 
position available for substitution, such that ten carbazoles are attached to the DPO 
(molecular weight of 1873.7 g mol-1), would very likely be too massive for the 
sublimation performed to ensure highly pure fluorophores prior to incorporation into an 
OLED. Instead, the donors could be split up such that there is substitution in each of the 
3-, 4-, and 5-positions of one ring, but not both, to obtain a lighter molecule. 
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Finally, the groups in the 2,2’ and 4,4’ positions might not have to be donor moieties 
at all. Substitution of any bulky group, including a simple methyl as shown in Figure 81, 
may very well provide the same disruption across the DPO moiety responsible for 
increasing the 3LE energy while allowing donor substitution in each 3,3’,4,4’, and 5,5’ 
position. Potentially, this could allow for dihedral angle tuning between the bridging 
phenyl groups and the central oxadiazole by inclusion of more or less bulky R groups, 
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